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ABSTRACT

The Atacama Large Millimeter Array (ALMA) requires low noise SIS receivers for
frequencies from about 80 GHz to 950 GHz with a very large IF bandwidth (8 GHz SSB
upper or lower sideband, 8 GHz DSB or 4 GHz dual sideband, upper and lower
sideband). Since there will be a large number of antennas in the array (currently 64),
additional requirements such as high reliability, low cost, and the production of a
relatively large number of mixers have to be addressed.
In this paper we report the results of a waveguide mixer with a fixed backshort for
ALMA band 9 (602 — 720 GHz). The mixer is based on standard Nb/A10,INb SIS
junction technology. This mixer was tested with a wide band IF amplifier with and
without isolator. Mixer measurement results for different LO frequencies across a wide
IF band (4-8 GHz) will be presented. DSB Receiver noise across the both RE and IF band
was measured, and receiver noise as low as 136 K at 650 GHz was demonstrated over the
wideband IF. Finally, the possibility of a small production series of such a mixer is
discussed with results on a first batch of mixer-blocks will be presented.

INTRODUCTION

The Atacama Large Millimeter Array (ALMA) requires low-noise SIS receivers for
frequencies from about 80 GHz to 950 GHz with very large IF bandwidth (4-12 GHz).
ALMA will be built in the Atacama Desert (Chili) at the altitude of more than 5 km. The
atmospheric conditions for mm-wave astronomical observations at this site are among the
best in the world. The array will consist of at least 64 antennas, each with a diameter of
12 m.
The Alma frequency band is divided into ten subbands. These bands coincide with
regions where the atmosphere is relatively transparent and astronomical observations are
possible. The receivers for the different subbands will be mounted in a common cryostat
supporting three temperature levels: 4.3 K, — 10 K and 80 K. Each subband receiver is
contained in an independent "cartridge" that can be mounted in the receiver cryostat
without disturbing other subbands. This cartridge contains a complete receiver system
including SIS mixers, LO subsystem, IF amplifiers and all necessary optical components.
The remoteness of the site and the large number of receivers impose additional
requirements on the receiver design such as absence of moving parts, an as simple as
possible layout, low cost, and the possibility of series production.
In this paper we report mixer designs based on standard Nb/A10,11\lb SIS junction
technology in a waveguide mixer block for ALMA band 9 (602 — 720 GHz). The mixer
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does not contain moving parts e.g., a backshort. We present results on the extension of
the IF bandwidth from 1.1-1.7 GHz to 4-8 GHz and 4-12 GHz by using an NRAO wide-
band IF amplifier and PamTech 4-8 GHz and 4-12 GHz isolators. We will also present
our approach to small series production of such a mixer.

MECHANICAL DESIGN OF THE MIXER

Fig. 1 shows the design of an ALMA band 9 single-ended double sideband (DSB)
waveguide mixer. Similar designs have already been implemented in other mixers [1].
The design goal was best possible performance combined with simplicity and series
fabrication possibility. The mixer consists of several parts:

a horn (1),
• a centering ring (2) aligning the horn with the backpiece,

a mixer backpiece (3) which holds the SIS tunnel junction and the IF connector,
a threaded cap to hold horn and backpiece together (4),
a magnet consisting of a coil (not shown) and two pole shoes (5),
a mounting structure (not shown).

The parts of the mixer which are most critical to the performance are the horn, the
backpiece and the substrate with the junction and the tuning structures. The diagonal
horn is used for experimental mixers, but the design easily allows it to be replaced with
an appropriate corrugated feedhom. The main idea in the design is to machine all critical
surfaces to such an accuracy that mutual alignment between the different parts of the
mixer occurs automatically upon assembly. This design also achieves a good coupling of
the magnetic field flux from the coil to the junction, which is critical for Josephson noise
suppression at these frequencies. The distance between pole pieces is only 1 mm with the
junction at the center. The DC/IF connection is made by means of a standard miniature
SMP-type connector. This is one of the smallest connectors available, allowing us to
decrease the transmission line length between the junction and any other IF components,
facilitating amplifier-mixer integration. The mechanical design does not incorporate an
external bias-tee. However, in certain configurations, a standard Radiall bias-tee was
used.

Figure J. Mechanical design o the mixer.
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For the magnet we use a coil of about 6000 turns of 63.5 micron diameter Cu-cladded Nb
wire. For the core of the magnet and the pole pieces we use VacoFlux 50, which has a
maximum permeability of 9000 and a saturation polarization of 2.35 T.
The waveguide has a cross-section of 100 x 400 gm. The cross-section of the substrate
channel in the backpiece is 70 x 100 11,111 and the backshort cavity is about 200 gm deep.
The backshort cavity is produced by stamping it in the copper block.
The substrate is 2.1 mm long, 50 jam thick and 701.tm wide and it contains a Nb-based
SIS tunnel junction. It is glued in the channel and contacted with silver paint.

MIXER CHIP LAYOUT

A photograph of a mixer chip glued into the substrate channel is shown in fig. 2. The
substrate material is fused quartz. Standard Nb technology was used for making the thin
film layer structure. Optical lithography was used in all definition steps including the

• •patterning of the 1 jam
2

 SIS junction. The RF design of the coupling between the
waveguide TEM mode and the SIS junction is similar to the one used earlier, for instance
in [2] and [3]. The energy is coupled to a bow-tie waveguide probe and transferred via a
Chebyshev type two-stage impedance transformer to the junction-tuner combination. This
transformer is formed by two microstriplines connected in series. The bottom electrode of
this microstripline is formed by the bottom part of the bow-tie probe. The junction is
located at the end of the tuner section of the microstripline. A choke structure is used to
prevent RF signals from leaking into the IF/DC bias leads. A low impedance 2l4 line is
used to provide a virtual short circuit between the waveguide probe and the waveguide
wall at RF.
The junction's RA value is about 35 Qgm 2 and its normal resistance Rn about 34 Q. The
thickness of the Nb is about 200 urn for the bottom layer and about 600 nm for the top
layer. The thickness of the Si0 2 insulator is about 250 nm.

Figure 2: Photograph of a mixer chip glued into a back piece, looking straight into the
backshort cavity.
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WIDE-BAND IF AMPLIFIER AND ISOLATORS

Throughout the experiment, a wide band 4-12 GHz IF amplifier provided by the NRAO
Central Development Laboratory (CDL) was used This amplifier is identical to the
design used in experiments done at the CDL, where a single-ended SIS mixer was
directly connected to its IF amplifier [4]. The gain of the amplifier is about +34 dB, and
its equivalent noise temperature (at a physical temperature of 12 K) is about 4-7 K across
the IF band. The total DC power dissipation is about 8mW. This is important to prevent
heating of the mixer junction, and to reduce the heat load on the 4 K stage. A mixer bias-
tee is incorporated into the amplifier which facilitates integration with the SIS mixer. The
amplifier was designed to be unconditionally stable, since the mixer's IF impedance seen
on the input of the amplifier can vary greatly from a low impedance to a high (and even
negative) impedance, depending on the LO frequency. The input return loss of the
amplifier is better than 10 dB from 5 to 10.5 GHz. This is important to assure a nominal
value for the mixer gain and input RF return loss to the mixer.
Two types of isolators were used for experiments: a commercially available 4-8 GHz
isolator from Passive Microwave Technologies (ParnTech) [5] and the development
model of a cryogenic 4-12 GHz isolator also being developed at PamTech. The
photograph of both isolators is presented in fig. 3. Despite its increased dimensions, the
4-12 GHz isolator may present sufficient advantages to be used in ALMA receiver
cartridges because it allows mixer and amplifier to be disconnected, and provides a clear
50 Q interface between them. The mass of 4-12 GHz isolator is about 120 grams.
Preliminary cryogenic measurements of this isolator at a temperature of 4 K show its
insertion loss to be below 1 dB across the 5-13 GHz band.

Estsimfii
Figure 3: Photograph of a commercially available 4-8 GHz ParnTech isolator (left) and
the 4-12 GHz development prototype (right).

EXPERIMENTAL SETUP

We used a standard Y-factor measurement technique to determine receiver noise
temperature. The mixer was mounted inside the vacuum space of a liquid helium cryostat
at 4.2 K. A high-density polyethylene lens was used to refocus the wide angle beam from
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the diagonal horn onto an external hot/cold load. The Mylar film of 125 lam thickness
was used as vacuum window. A GoreTex sheet (expanded Teflon) of 3 mm thickness at
liquid nitrogen temperature was used as an infrared radiation filter. A Mylar sheet of 12-
15 gm thickness was used for local oscillator (LO) injection. A Gunn oscillator followed
by a diode doubler and a diode tripler was used as an LO. Black body absorbers at 300K
and 77 K were used for receiver calibration. All presented noise temperatures are
uncorrected for beamsplitter loss, and a Callen/Welton formula [6] was used to obtain
black body radiation temperatures.
Several mixer-amplifier configurations are shown in fig. 4. A comparison between these
options was made, keeping other components of the receiver the same.

Figure 4: Measurement schemes.

The "classical" option was used to test the mixer with a conventional L-band amplifier
(1.1-1.7 GHz). A Radiall bias-tee was used between mixer and circulator.
In the "wide band" and "very wide band" options a isolator was used between mixer and
amplifier. It was possible to use the bias-tee integrated in the amplifier because both
isolators allow biasing the SIS mixer through them.
Since the amplifier design allows it to be used with any input impedance without
oscillations, a "direct" option was also tried as an intermediate step to integration of an
SIS mixer and an IF amplifier. In directly connecting the mixer to the amplifier, it is
important to point out that no optimization was done between the mixer and amplifier.
An approximate 2 cm length of semi-rigid coax cable was connected between the mixer
and IF amplifier. This experiment was done to "just see what happens", and by no means
should not be taken as a final comparison between direct integration and using an isolator
between the mixer and amplifier.

MEASUREMENT RESULTS AND DISCUSSION

Circulator

A typical I-V curve and output IF power bias dependences are shown in fig. 5 (left). The
measurements were done by using a 6-8 GHz band-pass filter in the warm IF amplifier
chain, consisting of two room temperature IF amplifiers of 30 dB gain each. The curves
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in fig. 5 show that the Josephson noise can be suppressed and that no artifacts are
introduced by the large IF bandwidth. The receiver noise temperature measured for
different IF amplifier connection options is presented in fig. 5 (right). One can see that all
of them have a comparable noise temperature. The increase in noise temperature for
options with high IF frequency compared to the L-band case is due to the fact that at
these LO frequencies the upper sideband already hits the upper edge of the receiver band.
The IF output power and noise temperature vs. IF frequency for different options is
shown in figs. 6 to 8. The power curves were all taken at the same optimum bias point
while changing the receiver input from 300 K to 77 K. The IF output power ripple for
the "wide band" option (fig. 6) is less than 2 dB per 2 GHz, which is within the ALMA
specification. The noise temperature variation across the IF band is also sufficiently
small.
Similar receiver quality can be seen in the "very wide band" case (fig. 7). The dip in
output power at around 7 GHz can probably be attributed to one of the SMA connectors
used in the 4-12 GHz circulator. The decline in the noise temperature at the higher end of
the band (frequency more than 11 GHz) is due to parasitic capacitance of the mixer
tuning structures and parasitic inductance due to long choke-structures used in this
particular mixer design.

Figure 5: Typical I-V curves and IF o43ttt power (left) and summary of receiver noise
temperatures for different mixer-amplifier coupling options (right).

4 5 6
IF Frequency(GHz) IF Frequency (GHz)

Figure 6: Receiver response with the 4-8 GHz system with isolator ( -Wide band"
option).
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Figure 8: Receiver response without isolator ("direct" connection via 2 cm semi-rigid
cable)

We expect that mixer performance can be improved at higher IF frequencies by minor
design modifications. The lower boundary of the IF band is shifted upwards because of
the shift in the 4-12 GHz circulator operation band.
The results for the "direct connection" case are shown in fig 8. An IF output power ripple
of 8 dB was observed. A noise temperature ripple of the order of 25% is also visible. No
parasitic oscillations were observed in the IF amplifier during the measurements. This
option requires further optimisation of the mixer and amplifier designs to reduce the
amplitude of these ripples.

SMALL SERIES PRODUCTION

One of the goals of the current mixer design is the feasibility of series production. To
investigate this a collaboration was set up with a company specialized in fine-mechanical
machining, Witec B.V. (Ter Apel, Holland), to fabricate the mixer backpiece (the most
difficult part) on their CNC milling machines with as little human intervention as
possible. Several test runs were conducted, transferring the SRON expertise of manual
production to the computer-controlled method in an iterative way. Because self-
alignment of the different parts of the mixer structure is a central requirement of the
design, special attention was paid to the accurate positioning of the backshort cavity with
respect to the reference circle, as well as to the depth of the stamped cavity, which plays a
large role in tuning the receiver.



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

After a few iterations, during which the tooling was perfected, all important alignments
had converged to within about 10 gm, which should be enough to provide good mixer
performance, while the machining time had dropped to less than one hour per backpiece.
The latter should be contrasted to the time it took a skilled technician to produce a
backpiece by manual means, which was of the order of a week.
One of the CNC-produced backpieces was tested together with a diagonal horn, and its
performance turned out to be very comparable to the classical hand-made backpieces.

Figure 9: The small series of backpieces and photographs demonstrating the cavity
quality. The middle and the right photographs at the bottom series are focused on the top
and bottom of the cavity, respectively.

CONCLUSION

A compact and efficient waveguide mixer design for ALMA band 9 was demonstrated.
Four different IF amplifier connection schemes were evaluated experimentally. Wide
band (4.5-11 GHz) IF operation was achieved with the development model of a 4-12
GHz isolator, giving a sufficiently good performance to be used in low noise receiver
systems. Series production of this mixer design with sufficiently tight tolerances has been
demonstrated.
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Saturation by Noise and CW Signals in SIS Mixers
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ABSTRACT

In ALMA Memo 321, Plambeck points out that saturation (gain compression) is likely to be a
significant factor limiting the calibration accuracy of ALMA observations. In this paper, saturation
by broadband noise and CW signals is analyzed for representative SIS receivers operating at different
frequencies. Many SIS mixers in current use are expected to exhibit a significant degree of gain
compression when connected to a room-temperature source. Previous analyses of saturation in SIS
mixers have applied only to CW signals. To analyze saturation by noise, the statistics of the output
voltage are derived from those of the input signal. A single constant, applicable to all SIS mixers, is
determined experimentally by fitting the predicted CW gain compression curve to measured data.

Keywords: Superconductor-Insulator-Superconductor mixers, saturation, gain compression, dynamic
range.

I. INTRODUCTION

Saturation (gain compression) can be a serious problem in SIS mixers not designed with
appropriate input power levels in mind. Plambeck points out [1] that gain compression is likely to be
a significant factor limiting the calibration accuracy of ALMA observations. SIS receivers have been
reported with substantial gain compression at source temperatures as low as 50 K (1.4 dB compression
[2]) and 300 K (1.7 dB compression [1]), while others have been capable of observing the sun (-6000
K) with only 0.6 dB gain compression [3]. Previous analyses of saturation in SIS mixers have
considered only saturation by CW (sinusoidal) input signals. For amplifiers, it is well known that a
given degree of saturation occurs at a lower input power level with noise than with a CW signal, and
similar behavior is expected in SIS mixers. This memo describes a method for analyzing saturation
by noise or CW signals in SIS mixers, and gives generalized saturation curves and representative
results for mixers at several frequencies.

The established phenomenological theory of saturation by CW signals in SIS mixers is reviewed
in Section 2, and shown to agree quite well with experimental data, even at gain compression levels
as high as 3 dB.

When saturation is caused by broadband noise, a different approach is required, as described in
Section 3, which allows the statistics of the output noise to be deduced from those of the input noise.
The conclusion, not surprisingly, is that small and moderate degrees of gain compression are produced
by noise powers several dB lower than the CW power required to produce the same gain compression.
Many SIS mixers in current use are expected to exhibit a significant degree of gain compression when
connected to a room-temperature source. It is noted that the linearity of a partly saturated SIS receiver
to a small CW test signal can lead to the erroneous conclusion that the SIS mixer is not saturated by
room-temperature input noise.

1 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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2. ANALYSIS OF SATURATION BY A CW SIGNAL

For an SIS mixer with a well developed quantum response, the small signal power gain is a
function of the bias voltage; this is evident in Fig. 1. Smith and Richards [4] argued that the large
signal power gain could be considered as an average value of the small signal gain over an IF cycle.

2 4 5
as Vo)tage (my)

Fig. IN characteristics and output power vs. bias voltage curves for a 270 GHz SIS receiver. From [51

The small signal power gain can be expanded as a Taylor series about the bias voltage V, [6]:

G (v) = G (V 0 ) + (v — V0 ) 2 G n ( V 0 ) I 2 . (1)

If a CW input signal produces an output voltage v= VI, sin(w,,t), the time-averaged gain is then

, 17-2 /-2" nG = Go rJFO °

VI2F
The IF power delivered to load R, is PIF = = PG , from which it follows that [7]

2RL

G = Go(1+ ,
Psat

where Ps,„ = —2 I GoRL . Because the degree of saturation of an SIS mixer depends only on the

magnitude of the IF output voltage relative to the width of a photon step, i.e., (G RL P,n ) relative to
Nhfie, where Nis the number of junctions in series andf is the LO frequency, Ps, can be written in the
form

(  nil
2 N 2 c N f2 

e sat
GoRL Go RL

where IC,' and Csa, are constanffor all SIS mixers. K,„2 has been evaluated in [6] from experimental
data which gives K,2 = 0.10, corresponding to C = 1.7e-30.

(2)

(3)

?sat (4)
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Fig. 3. Measured CW saturation for a 4-junction Nb/Al-A10x/Nb SIS mixer at 115 GHz, from [7]. The
solid curve is from eq. (3) with the value of Psat chosen to give the best fit to the measured data.
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Figs. 2 and 3 show the results of saturation measurements on two SIS mixers using CW signals [7].
The saturation curve according to eq. (3) (the solid line) is seen to fit the measured data well. The
value of P sa, is chosen to give the best fit to the data.

41

1

6

Fig. 2. Measured CW saturation for a 2-junction Pb10x/Nb SIS mixer at 115 GHz, from [7]. The solid
curve is from eq. (3) with the value of P sa, chosen to give the best fit to the measured data.
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Table I shows the values of Ca, obtained from measurements of the CW saturation power of four
different SIS receivers. It is clear that the values of Cat are reasonably close to the value 1.7e-30
above. Table II shows, for the same four SIS receivers, the CW signal power required to produce a
gain compression of 1 dB and 1%.

Table I C evaluated for four SIS mixers

LO GHz Type N R Lssg dB RL Psat nW Csat
Pan et al. [8] 115 Pb-Nb 2 60 4.9 50 6.2 1.90E-30

Feldman et al. [7] 115 Pb-Nb 2 60 5.0 50 5.5 I .64E-30

Feldman et al. [7] 115 Nb 4 60 5.0 50 24 1.79E-30

Tong et al. [5] 270 Nb 1 18 3.0 50 6.4 2.20E-30

Table II — CW saturation powers for the mixers in Table I

LO GHz N Lssi3 dB RL P ldB nW P i% nW

Pan et al. [8] 115 2 4.9 50 1.6 0.062

Feldman et al. [7] 115 2 5 50 1.4 0.055

Feldman et al. [7] 115 4 5 50 6.2 0.240

Tong eta!. [5] 270 1 3 50 1.7 0.064

3. ANALYSIS OF SATURATION BY BROADBAND NOISE

The previous section considered saturation caused by a sinusoidal RF input signal. When the RF
input is noise, different saturation characteristics are expected. Because of the statistical nature of
noise, the instantaneous amplitude of the signal at times exceeds the peak value of a CW signal having
the same power, so gain compression begins at a lower power level than with a CW signal. To analyze
gain compression by noise, it is convenient to consider the voltage gain of an SIS mixer rather than the
power gain which was the focus in the previous section. If the probability density function ofthe input
noise voltage is known, and also the nonlinear voltage characteristic of the gain compression
mechanism, a new probability density function can be computed which characterizes the compressed
output signal. In this section, this approach is applied to saturation by noise and CW signals — the
latter case giving results in close agreement with those in the previous section.

14
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The SIS mixer is characterized in Fig. 4 as a non-saturating mixer in series with a saturating IF
element. The non-saturating mixer has gain and impedance characteristics, at all input power levels,
identical to those of the actual mixer when operated under small signal conditions. The saturating
element has an input impedance equatto the IF load impedance, 1?,,, an output impedance equal to that
of the mixer, Z„, and unity small-signal voltage gain when connected to the IF load. Hence, under
small-signal and moderately large-signal operation, the circuit of Fig. 4 is indistinguishable from the
real mixer.

f
s

i
g IF

Non-saturating
Mixer

Gain Go

;.\

Zm

Saturating
IF Element

Vout

tri '

RL

Fig. 4. Representation of the SIS mixer as a non-saturating mixer in series with a saturating IF element. The non-
saturating mixer has gain and impedance characteristics identical to those of the actual mixer when operated under
small signal conditions. The saturating IF element has unity small signal gain, an input impedance equal to the IF load
impedance, R,j and an output impedance equal to that of the mixer, Zm.

The saturating element in Fig. 4 is characterized by its nonlinear voltage characteristic v,,,,,(t) =
f(Vin (t)), measured with the mixer and IF load in place. Note that v 1  and v., are the instantaneous
values, not amplitudes, of the IF voltages at the input and output of the saturating IF element, as
indicated in Fig. 4. When the mixer is biased near the middle of a photon step at the small-signal gain
maximum, vont is approximated by an odd function of Yin, and the differential gain of the saturating
element is an even function of vi„ which can be
written, to first order, as'

1
A — 

dV out   

2 2dv
n	1 + A, vt - in

Since the degree of saturation of an SIS mixer depends only on the magnitude of the IF output voltage
relative to the width N11./e of a photon step, it is convenient to use normalized input and output
voltages:

(5)

2 Other even functions could be chosen to approximate A(v m), for example, the truncated Taylor

expansion (1 + Bv2), which would give a good approximation to saturation in the real mixer for small values of
v. It \AT as found that the form of eq. (5), 11(1 + BO, gave good agreement with measured data even at levels of
gain compression as high as 3 dB.
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Then, in (5),

dv out d Vout 1 
A(Vin 2 2dv in dVi„ 1 + C3 V

where C3 is a constant, independent of N andf, for all SIS mixers. The instantaneous (large signal)
normalized output voltage is then

1
- -arctan(C3V,„(t)),r

o
 " 1 + C

d
3
2V ;

V: n
2
 (t) C3

Vont =

and the instantaneous large-signal voltage gain is

(7)

(8)

When saturation is caused by broadband noise, eq. (9) allows the probability density function of
the output noise to be computed from that of the input noise. The probability density of a Gaussian
noise signal of mean square voltage (7 2 is given by

1 v-
\

p(v) = exp
2

(10)
1127r 2o-  )

For the circuit of Fig. 4, if .9-  is the R_MS voltage at the input of the nonlinear element whose input
impedance is R„, then the power delivered to the nonlinear element Pin = GoP„g = um ' /R„. The output
power delivered to the IF load R, is

r-P
out — 

GP
sig = vo2u1P(vi7)dv in

-c°
where v given by eq. (9). Therefore,

1 co
2 I

V 
out

p(vni )dv .cf3 Go a-

Normalizing voltages to Nhfe as in eq. (6), and defining the normalized RMS voltage at the input of

the saturating element as Si, =
Nhf 

(T in eqs. (8), (10) and (12) give

(12)

2

Nhi
e Since si

2
„ = e  2

, =  GoP , eq. (13) allows G/G to be computed as a function of Pe ) 
(7

Nhf )

Go, R,,f, and N. If the input noise is from a broadband source with noise temperature Tsig at the input
of the receiver, then P sig = 2k1s ,g13,, the factor 2 accounting for the noise received in both upper and
lower sidebands of the receiver. Determination of the constant G3 is described in the next section, and
the appropriate value of the effective IF bandwidth B, is discussed in Section 4.
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Determination of C3

To determine the constant C,, saturation by a CW signal was analyzed using (9), and C, adjusted
to fit the experimental results given in the previous section.

A CW RF input signal of power Psi,. delivers power Pin = Go P to the input resistance R, of the

saturating element in Fig. 4. If the voltage at the input of the saturating IF element is
vin (t) = a sin(eolpt) , then

Pin = GoPsig = a 212RL (14)

2The instantaneous output power delivered to the IF load is J,, (t) = vo„t(t) I Rf , which has an

average value over the IF period

From eqs. (14) and (15):
G 2 1 'rip 2

= v out (t) dt
Go a r oIF

Using normalized voltages, as in eq. (6), eq. (8) gives

2 1  frIF

Go — 1I 2
C3

2
 r IF Jo 

arctan
2
 (C3 A sin(co/F t))dt ,

where A 
Nhf 

a is the normalized amplitude of v,. Eq. (17) describes saturation by a CW signal

in any SIS mixer. Since A 2 = 2 e )
Nhf 

2
R L Go P , eq. (17) allows G/Go to be computed as a( 

function of P Go, RL,j and N.

To determine the constant C,, saturation by a CW signal was analyzed using (17), and C, adjusted
to fit the experimental results given in the previous section .° A good fit to the measured data at low
saturation levels is obtained with C, 3.3. Fig. 5 shows the agreement between eq. (3) with P  23.5
nW, which closely fits the measured saturation data for the 115 GHz 4-junction mixer, and the
saturation characteristic given by eq. (9) with C 3 = 3.3.

In the above approach, the degree of gain compression was determined from the mean power
delivered to the IF load (eqs.(15)-(17)). It could also be determined using the fundamental Fourier
component of the power delivered to the IF load. We found that these two methods of calculation had
negligible difference for gain compression levels up to —50%.

(16)

(17)
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Fig. 5. The graph shows the close agreement
between eq. (17) with C3 = 3.3 and Eq. (3) with Psat =
23.5 nVV. Eq. (3) was shown to be an excellent fit to
the measured gain compression curve for a 115 GHz
4—junction SIS mixer [7] (see Fig. 3).

Fig. 6. Saturation by noise and CW signals. For
noise, S2 is given by eq. (18), and for CW, A 212 is
given by eq. (19). The curve labeled CW[7] is
computed from eq. (3) as in [7].

Comparison of Saturation by Noise and CW

A comparison of saturation by broadband noise and CW signals of equal powers is possible using
eqs. (13) and (17). For noise, the signal power (in both sidebands) Psig is related to Si, by

\ 2

= 
V

Go Ps ,g (18)
N/

and for a CW signal Psig is related to A by

A 2 e  2
GA Ps, R7 , (19)

2 
=

'g -

where Nis the number of SIS junctions in series, Go is the small-signal gain of the mixer, and R, is the
IF load resistance. Fig. 6 shows GIG„ as a function of Sz: (for noise) and A 2/2 (for CW). Also shown
for comparison is the saturation curve computed from eq. (3) as in [7], which has been shown to fit
experimental data well in the range 0.5 GIG, � 1 (see Figs. 2 and 3).

Examples

To illustrate the degree to which gain compression is likely to affect SIS receiver calibration when
using a room-temperature calibration load, we make the following assumptions: (i) The mixer input
bandwidth is B, in each sideband, with B, equal to 20% of the LO frequency. Roughly, this
corresponds to a receiver which downconverts all frequencies within the full RF waveguide band, half
in the LSB and half in the USB, to an extended IF band from 0 to B, Hz. (ii) The IF load on the mixer
is taken as RI, = 50 ohms over the extended IF band 0 < J < B„ an approximation which will be
discussed below. An IF impedance of 50 ohms is used because this is the nominal input impedance
of many low noise IF preamplifiers, including the present NRAO 4 -12 GHz HFET preamplifier [9].
We assume the mixer and preamplifier are connected directly together with no intervening impedance
transformer. (iii) The small-signal gain has a constant value Go over the full input band
0.8f,0 <f< 1 .2 .k0 . Under these assumptions, Fig. 7 shows the expected gain compression caused by
a room-temperature calibration load for SIS mixers at four LO frequencies. The gain compression
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produced by a CW input signal of the same power as the noise input is shown for comparison. It is
seen from Fig. 7 that mixer receivers satisfying assumptions (i)-(iii), with small signal gain G„ = 6 dB
SSB and a single SIS junction, can be expected to have a gain compression due to a room-temperature
source of 16% at 115 GHz and 5% at 460 GHz. With four junctions, the gain compression is 1.4% at
115 GHz and 0.4% at 460 GHz.

Fig. 7. Curves of gain compression caused by a 300 K source (solid red lines), as a function of small-signal mixer gain,
Go, for SIS mixers at four frequencies. The parameter N is the number of junctions in series. In all cases: (4 the input
noise bandwidth B, in each sideband is equal to 20% of the LO frequency, (ii) the IF load impedance is 50 ohms over
the extended IF band 0 < f, F < B1, and (iii) the small signal gain is constant over 0.8 fu, < f  1.2 fw. Shown for
comparison is the gain compression by a CW signal of the same power (dotted black line).

4. DISCUSSION

It is clear from the simulations in Section 3 that noise and CW signals of equal power produce
different degrees of saturation in SIS mixers. Furthermore, it is apparent that a room temperature
source may cause significant gain compression in many practical SIS receivers, a phenomenon which
affects the accuracy of astronomical observations made with an STS receiver calibrated using a room-
temperature source.
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Bandwidth and IF Load Impedance 

The noise saturation results in Fig. 7 are based on the following major assumptions: (i) the input
noise bandwidth B, in each sideband is equal to 20% of the LO frequency, (ii) the IF load impedance
R ------ 50 ohms over the frequency range 0 to B„ and (hi) the small-signal gain G o is flat over 0.8 fLo <

fsig < 1.2 fLo. The frequency range 0.8 fLo < fig < 1.2 fw, corresponds approximately to a standard
waveguide band when fw is at the band center. A typical broadband waveguide to TEM mode
transducer has poor coupling outside the waveguide band, and thus acts to some extent as a band-
limiting filter. However, as saturation in SIS mixers is primarily determined by the magnitude of the
output voltage, the behavior of the embedding impedance Ze(f,,) over 0 < B, seen by the SIS
junction(s) is the major determinant of the saturation behavior. In the analysis, it has been assumed
that R, at all frequencies, whereas in reality Ze depends on the RF choke circuit of the mixer, any
circuit elements between the mixer and IF amplifier, and the input impedance ofthe IF amplifier itself.
The importance of Ze over this extended IF range has been pointed out in [10].

Improving the Dynamic Range 

Are there ways to improve the dynamic range of an SIS receiver? It is clear, from eqs. (3) and (4)
in the case of CW signals, and eqs. (6) and (9) in the case of noise, that the dynamic range of an SIS
mixer can be increased by: (i) increasing the number N of junctions in series, (ii) reducing the
transducer gain Go, or (iii) reducing the IF load resistance R L (which also affects Go). If saturation is
caused by broadband noise, a bandpass or lowpass IF filter immediately following the SIS mixer could
reduce the RMS IF noise voltage at the mixer output i f the filter were designed to have low impedance
at all frequencies above the desired IF band. This has been suggested in [10] but is difficult to
implement unless the filter is incorporated into the SIS mixer chip. In [11], a 200-280 GHz SIS mixer
is described in which ize j < 50 ohms over 0 to 150 GHz when the IF amplifier has an impedance of 50
ohms over that band (in reality, of course, the impedance of the IF amplifier is unlikely be 50 ohms at
frequencies far from the nominal IF band). Fig. 8 shows Kw for that mixer, including the effects of
the RF choke, junction capacitance, and all the RF circuit elements. The decrease of Izel with
frequency reduces the IF voltage at the mixer output due to a broadband noise input, and thereby
reduces the degree of saturation coinpared with a mixer in which the IF embedding impedance is
largely in the high impedance region of the chart.

Fig. 8. Embedding impedance Ze(t) seen by the SIS junctions in a low-parasitic 200-280 GHz SIS mixer [11]. Ze(t)
includes the RF choke and all the RF circuit elements, and assumes that the input impedance of the IF amplifier is 50
ohms at all frequencies. Z e is plotted on a 50-ohm Smith chart over the frequency range 0-150 GHz with markers every
10 GHz.
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In principle, the dynamic range of an SIS mixer can be increased by increasing the junction area
by a factor M (> 1) while reducing the embedding impedance at all frequencies by the same factor M;
for example, the larger j unction could be connected to the same embedding circuit through an ideal
transformer with impedance ratio M at all frequencies. A given degree of gain compression occurs in
both the original mixer and the modified mixer when each has the same IF voltage at the junction.
However, the modified mixer has an IF load impedance (seen from the junction) lower by factor M
than the original mixer, so the IF power delivered to the load is larger by factor M, and the RF input
power is therefore also larger by a factor M.

Measurement of Gain Compression using a CW Signal in the Presence of Broadband Noise 

It is of interest to consider the response of an SIS mixer, partly saturated by broadband noise, to
a small CW test signal. The test signal produces a response with a small-signal gain which is a
function of the total input power (test signal + noise). The gain is not substantially affected by the test
signal as long as its power is small compared with the noise input power, and the small-signal response
is then linear. Only when the test signal power approaches that of the broadband input noise power
in RF bandwidth 2B1 (B, is the effective IF noise bandwidth as defmed above, and the factor 2
accounts for the two RF sidebands in a DSB mixer) will it contribute substantially to saturation, which
will be evident from the nonlinearity of the curve oftest signal output power vs test signal input power.

It is sometimes assumed that a linear curve of test signal output power vs test signal input power
implies that a receiver is not saturated by broadband noise accompanying the test signal. This is the
assumption in [5], for a receiver with a room temperature input load in which no gain compression was
measured at low CW powers. It was concluded that the receiver is still highly linear when subjected
to radiation from an ambient load...." If one applies the noise saturation analysis of Section 3 to the
mixer used in [5], assuming an extended IF noise bandwidth B, of 15 GHz, a room temperature black
body source is predicted to produce –5% gain compression — this is consistent with the other data
given in [5].

To determine the degree of gain compression produced by broadband input noise, a small CW test
signal can be used as an indicator. The small-signal gain curve (test signal output power vs test signal
input power) is measured first, in the presence of the high level broadband noise source (e.g, a room
temperature load), and a convenient signal level in the linear region of this curve is chosen. Then, the
high level noise source is replaced with a low level noise source (e.g, a liquid nitrogen load) and the
test signal output level re-measured. Any gain compression caused by the high level noise source will
be indicated by an increase in the test signal output when the high level noise source is replaced with
the low level noise source.

Balanced and Sideband Separating Mixers 

In balanced mixers and sideband-separating mixers, the input power is divided equally between
two unit (double-sideband) mixers. The power required to produce a given degree of gain compression
is therefore twice that required to produce the same gain compression in a single unit mixer connected
to the same signal and IF embedding impedances. In the case of a balanced sideband-separating mixer,
the input power is divided between four unit mixers, so the saturation power is four times that of the
unit mixer.

21



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

ACKNOWLEDGMENTS

The author thanks Shing-Kuo Pan of NRAO and Charles Cunningham of HIA for their valuable
discussions on saturation in SIS mixers and comments on the manuscript.

REFERENCES

[1 ] R. L. Plambeck, "Receiver amplitude calibration for ALMA," ALMA Memo 321, August 27,
2000. Available at http://www.alma.nrao.eduimemos/.

[2 L. R. D'Addario, "An SIS Mixer for 90-120 GHz with Gain and Wide Bandwidth," Int. J. Infrared
Millimeter Waves, vol. 5, no. 11, pp. 1419-1442, 1984.

[3] E. S. Palmer, T. Dame, private communication, November 2001. The mixer used two SIS
junctions in series and was tuned for SSB operation using its two waveguide tuners.

[4] A. D. Smith and P. L. Richards, "Analytic solutions to SIS quantum mixer theory," J. Appl. Phys.,
vol. 53, no. 5, pp. 3806-3812, May 1982.

[5] C.-Y. E. Tong, R. Blundell, S. Paine, D. C. Papa, J. Kawamura, J. Stern, and H. G. LeDuc, "Design
and Characterization of a 250-350 GHz Fixed-Tuned Superconductor-Insulator-Insulator Receiver,"
IEEE Trans. Microwave Theory Tech., vol. MTT-44, no. 9, pp. 1548-1556, Sept. 1996.

[6] M. J. Feldman and L. R. D'Addario, "Saturation of the SIS direct detector and the SIS mixer,"
IEEE Trans. Magnetics, vol. MAG-23, no. 2, pp. 1254-1258, March 1987.

[7] M. J. Feldman, S.-K. Pan, and A.R. Kerr, "Saturation of the SIS mixer," International
Superconductivity Electronics Conference Digest, Tokyo, pp. 290-292, Aug. 1987.

[8] S.-K. Pan, A. R. Kerr, M. J. Feldman, A. Kleinsasser, J. Stasiak, R. L. Sandstrom, and W. J.
Gallagher, "An 85-116 GHz SIS receiver using inductively shunted edge-junctions," IEEE Trans.
Microwave Theory Tech., vol. MTT-37, no. 3, pp. 580-592, March 1989.

[9] E. F. Lauria, A. R. Kerr, M. W. Pospieszalski, S.-K. Pan, J. E. Effland, and A. W. Lichtenberger,
"A 200-300 GHz SIS Mixer-Preamplifier with 8 GHz IF Bandwidth," 2001 IEEE International
Microwave Symposium Digest, pp. 1645-1648, May 2001. Available as ALMA Memo 378 at
http://www.alma.nrao.eduimemos/.

[10] L. R. D'Addario, "Saturation of the SIS mixer by out-of-band signals," IEEE Trans. Microwave
Theory Tech., vol. MTT-26, pp. 1103-1105, no. 6, June 1988.

[11] A. R. Kerr, S.-K. Pan, A. W. Lichtenberger and H. H. Huang, "A Tunerless SIS mixer for
200-280 GHz with low output capacitance and inductance," Proceedings of the Ninth International
Symposium on Space Terahertf Technology, pp. 195-203, 17-19 March 1998. Available as ALMA
Memo 205 at http://www.mma.nrao.eduimernosi .

22



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

Quantum-limited Mixing in a Transformer-coupled

SIS Resonator for the 600 GHz Frequency Band

Cheuk-yu Edward Tong, Raymond Blundell

Harvard-Smithsonian center for Astrophysics, 60 Garden Street, Cambridge, MA 02138.

Krikor G Megerian, Jeffrey A. Stern, Henry G LeDuc

Jet Propulsion Lab, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109.

Abstract

Quantum-limited mixer noise temperature has been achieved in

Superconductor-Insulator-Superconductor (SIS) resonant mixer in the 600 — 720

GHz frequency range. Our mixer employs a single full-wave Nb/A1N/Nb tunnel

junction resonator, fed by a quarter-wave transformer. The devices have low critical

current density (-5 kA/cm
2
). The mixers were tested in a fixed-tuned waveguide

mixer mount. Double-side-band receiver noise temperatures equivalent to a few

quanta have been measured for a number of different devices. Using a 0.55 x 25 Inn

resonator, a noise temperature of 141 K was recorded at an LO frequency of 700 GHz

with the mixer at 4.2 K. The noise temperature dropped to 111 K when the helium

bath was pumped down to 2.8 K. High sensitivity has attained over reasonably wide

RF bandwidth, —17%. The IF bandwidth of these mixers has also been investigated.

I. Introduction

The introduction of distributed mixing in Superconductor-Insulator-Superconductor

(SIS) junctions is an important development in low-noise receiver technology for

sub-millimeter wavelengths [1,2]. The earliest distributed mixers employed fairly long

superconducting tunnel junctions, about 2 wavelengths long. The long junction acts as a

lossy transmission line in which mixing occurs along the whole length of the line. This class

of receiver has demonstrated sensitivities close to the quantum limit. A noise temperature of



s

Tunnel
Ranier

Fig. 1 Cross-sectional view of an

SIS non-linear transmission line. In

our mixers, the tunnel barrier is

Aluminum Nitride (A1N) and the

dielectric layer is 250 nm thick of

Silicon Oxide (Si0). The width of

the wiring layer, Ws is 4 pm.
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3hv/k was recorded at 460 GHz [1], where hv is the photon energy and k is the Boltzmann

constant.

In a subsequent developemnt, Belitsky [3] proposed that distributed mixing could also

be implemented in SIS resonators. One advantage of resonant distributed mixing is that the

resonator can achieve a higher impedance level compared to simple long superconducting

transmission lines which generally have very low characteristics impedance. Uzawa [4]

performed experiments with resonant distributed mixers incorporating a niobium nitride SIS

resonator in the 800 GHz frequency band. Finally, in 2001, Matsunaga [5] implemented

distributed mixing using dual SIS resonators connected in series through impedance

transformers, employing standard Nb/Al/A10x/Nb SIS junctions fabricated with optical

lithography. That mixer exhibited high sensitivity, with a measured noise temperature of 185

K at 630 Gfiz.

Following this encouraging result, we have developed resonant mixers based on

1\113/A1NiNb junctions fabricated with electron-beam lithography at Jet Propulsion Lab. In

this paper, we demonstrate that the sensitivity of 0.6 IIM wide full-wave SIS resonators can

reach quantum-limited performance in the 600 GHz band, at frequencies that approach the

band gap frequency of niobium.

II. Modeling of the SIS Resonator

Fig. 1 shows the cross-section of the SIS

non-linear transmission line, which reduces to a

simple microstrip line when the width of the

tunnel barrier, WI , is zero. Such a linear

superconducting microstrip line can readily be

modeled by various approaches. We have

employed the analysis described in [6], using

frequency dependent surface impedances from

the Mattis-Bardeen Theory [7]. Let Zo and yo be

the characteristics impedance and complex

propagation constant of the line respectively for

Wj = O. If W  much smaller than the width of top

conductor of the microstrip, Ws, we can write

down the per unit length series impedance of the

24



- —0-- Slow Wave Factor

Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

transmission line as:

Wj/Ws),

and the per unit length parallel admittance as:

s

J-F-j co.0 s ,YV + 
1? A

fj 1/T7

where Gp is the specific capacitance of the tunnel junction per unit area, RNA is the product

of normal state resistance and area of the junction and is a signal mixing factor. In equation

(2), the second term represents the contribution of the geometrical capacitance of the tunnel

junction and the third term represents the mixing conductance due to the tunneling

quasiparticle current, Gqi, [3].

From Tucker's quantum theory of mixing [8], we can write down an expression for

= G R

N 

=  N .n

 [

jn2 (a\ 
J" 1

2

)//de (VO 

nhv 

(3)
el?

qP
2hv j=--co

where a = eVLol hv is the normalized voltage impressed by the Local Oscillator (LO) across

the junction, Id(V) is the DC

current-voltage characteristic of the 6

junction and Vo is the DC bias voltage
5

at the operating point. From our

simulation, we fmd that a niobium 4

based SIS resonator should operate
3

well with a — 0.7 and Vo — 1.5 mV for v
\

— 660 GHz. Under these conditions, 2 ................ ......................................................  1

equation (3) gives — 0.8. By assigning
5

.
a

	Characteristic Impeda constant value to we assume that

the distributed mixer may be described 0
0.2 0.4 0.6 0.8 1 1.2 1.4

by a linear model [1]. Width of Tunnel Barrier Wj (bun)

Once Zs, and Yp, are known, we can
Fig. 2 Variation of Characteristic Impedance, 4,

evaluate the key parameters of the
and Slow Wave Factor, 20/4, as a function of 14;

non-linear transmission line, including for our mixers at a frequency of 660 GHz. We have
the characteristic impedance, Z e , the taken W.  4 gm, C = 65 jF/gm2 and RNA = 40 12
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the guided wavelength, 2g .
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Z, ./Yp

=

= .Im(y)g 27r (6)

The characteristic impedance and the slow wave factor, 2 0/2g , for our mixer as a function of

the width of the tunnel barrier, W3 , are plotted in Fig. 2. From the figure, it can be seen that

is not a strong function of Wi for W3 > 0.4 pm. However, 2gis strongly dependent on the

width of the tunnel junction.

(4)

(5)

In fig. 3 we display the

input impedances of 3 SIS

resonators with different

junction widths. The length

for half-wave resonance is

about 12 pm and full-wave

resonance occurs around 25

gm. As discussed above, the

resonant impedance level is

not a strong function of

However, for a given length

of resonator, the resonant

frequency is quite sensitive

to the junction width.

In our experiments, we

have chosen to work with

full-wave resonators rather

than half-wave resonators

because the value of &Yin/ df

is smaller at full-wave

resonance, hence a larger

impedance bandwidth can

be achieved.
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III. Mixer and Receiver Design

In order to match the low input resistance (-6 I -2) at the full-wave resonance of the

non-linear SIS resonator, we use a 3 filll wide niobium microstrip transformer section to

couple the signal power from our fixed-tuned waveguide mixer mount [9,10]. The layout of

the center of the mixer chip is shown in Fig. 4. Since the resonant frequency is highly

dependent on the exact width of the junction, we have fabricated chips with different

junction widths and lengths about the nominal dimensions of 0.6 x 25 pin. We had a target

current density of 5 kA/cm2, which corresponds to RNA = 40 S2 gm2.

The mixer is tested in a laboratory test dewar, the details of which have been described

elsewhere [5,11]. In all the experiments, we have used an IF center frequency of 3 GHz and

the signal and LO input to the &war are combined using a wire grid polarizer as a beam

splitter in front of the cryostat vacuum window The receiver IF output is measured by a

power meter, over the band 2.4 — 3.6 GHz. Fig. 5 shows a photo of the set-up of our

measurement bench.

Fig. 4 Line drawing of mixer chip

layout, showing the microstrip
transformer section and the SIS

resonator. The drawing is not to scale

and the dimensions are in gm.

Fig. 5 Set-up of laboratory receiver measurement. LO

unit is located on the right. The LO beam is focused by

a 900 parabolic mirror and is injected into the dewar by
a wire grid polarizer. The 3 GHz room temperature IF
chain is on the left.

Iv. Receiver Performance

The receiver noise temperature of was measured using the standard Y-factor method

with ambient (295 K) and liquid-nitrogen cooled (77 K) loads.

We have tested a number of different mixer chips, and fig. 6 shows the current-voltage
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and power-voltage characteristics of a 0.55 x 25 gm resonator, and the variation of Y-factor

with bias voltage, when driven by a 700 GHz LO. The gap voltage is 2.85 mV at a bath

temperature of 4.2 K. The mixer is, therefore, operating close to its gap frequency of 690

Gflz. The tunneling current at 4 mV bias is about 1.4 mA, which corresponds to a normal

state resistance of about 2.8 a The sub-gap leakage current at 2 mV bias is about 66 gA,

which corresponds to a sub-gap leakage resistance of about 31 a A small magnetic field is

applied so that the IF power output is minimized at 1.45 mV bias, where the first Shapiro

step occurs.

0.6

0.45

0.3

0.15

3

1 2 3 4
Bias Voltage (mV)

Fig 6 The top figure shows the Current Voltage

Characteristics of a 0.55 x 25 jm resonant mixer without

LO (solid line) and in the presence of LO power at 700

GHz (dotted line). On the same figure, the receiver IF

power output is also displayed. The solid line with
markers A gives the response to a 295 K load, and the

dotted line with markers u gives the response to a 77 K

load. The bottom figure shows the variation of Y-factor as

a function of bias voltage. The bath temperature was 4.2
K.

A Y-factor of 2 was

observed at a bias setting of 1.1

mV and 0.1 mA, corresponding

to a double-side-band (DSB)

Rayleigh-Jean noise temperature

of 141 K. In spite of the high

value of dP out/dV at this bias

setting, the receiver was found to

be very stable. The estimated

DSB conversion loss was about

7.5 dB. At a bias of 1.7 mV, the

Y-factor was 1.92, improving to

1.95 when the LO power was

slightly increased. The Y-factor

showed a dip at a bias of 0.75

mV. We believe that this was

caused by Josephson oscillation

at about 360 GHz, the frequency

at which the mixer becomes a

half-wave resonator.

When the helium bath

temperature was reduced to 2.8

K, the sub-gap leakage current

decreased to 54 gA. Conversion

loss was decreased by about 1

dB and the Y-factor measured at
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Fig. 7 Noise temperature of 0.55x25 inn SIS

resonator as a function of L.O. frequency.

Noise temperature is calculated from

measured Y-factor in the Rayleigh-Jeans

regime, by Tn (295-77Y)/(Y-1).

Fig. 8 Performance of different mixers

biased at 1 A mV with a 4.2 K helium bath.

Also shown are the noise temperature

corresponding to 4 and 6 photons.

1.1 mV bias point jumped to 2.16, corresponding to a DSB Rayleigh-Jean noise temperature

of 111 K. This noise temperature is equivalent to 3.3 hvfic, which implies that the sensitivity

is quantum-limited. The decrease in receiver noise temperature of about 30 K is mainly due

to a reduction of leakage current. The gap voltage only changed by 0.05 mV and should only

have a small impact on sensitivity. We expect that if lower leakage devices become available,

we would be able to measure noise temperatures in the 3 hv/1c range even with a 4.2 K helium

bath.

In figure 7, plot the receiver noise temperature as a function of LO frequency for

different bias conditions and different helium bath temperatures. Low noise operation is

achieved up to 714 GHz, the highest frequency of our LO unit. Measurements with Fourier

Transform Spectrometer indicate that the receiver should have reasonable performance up to

730 GHz.

In Fig. 8 we display frequency dependence of the sensitivity of 3 different mixers in

our test receiver. The 0.60 x 23 lam resonator has a noise temperature below 200 K between

580 and 690 GHz, corresponding to a bandwidth of about 17%. These data shows that the

frequency response of these resonant mixers is controlled mostly by the width of the

resonator, rather than by the length. For example, the 0.60 x 23 gm resonator is centered at a
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lower frequency than the 0.55 x 25 pm resonato . This is consistent with the results of the

calculations shown in Fig. 3.

V. IF Bandwidth 

One concern about distributed SIS

mixers is their large geometrical

capacitance which may limit the useful

IF bandwidth. For example, in the 0.55 x

25 jim resonator, the device capacitance

is estimated to be about 0.9 pF,

considerably higher than other lumped

element designs, which typically have a

total of 0.3 pF output capacitance

[6,9,10]. We have made detailed

measurement of the IF performance of

our mixer using a 2 — 4 GHz amplifier

and a 4 — 8 GHz amplifier. The noise

temperature of both amplifiers is in the

3 — 4 K range and we incorporate a circulator cooled to 4.2 K between the mixer and IF

amplifier. The measured data is summarized in Fig. 9.

The data confirms that the receiver performance degrades with increasing IF. Using a

single pole roll-off model, we derive a 3-dB IF bandwidth of 6 GHz from the experimental

data. At an IF of 6 GHz, the conversion loss is about —9 dB versus —7 dB at around 3 GHz,

and the noise temperature is 170 K versus 140 K at 3 GHz. From the sensitivity point of view,

this mixer will be useful up to an IF frequency of 8 GHz,

at which point, the noise temperature is about 1.4 times

the noise temperature at lower IF, which corresponds to

a doubling of integration time needed to obtain the same

signal-to-noise ratio when a faint signal is being

received.

The IF roll-off can be understood by considering
Fig. 10 Equivalent Output

the equivalent output circuit of the mixer as shown in

Fig. 10. In this circuit, R.u t is the output resistance of the
Circu t of SIS Mixer
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device given by eirdI on the current-voltage characteristic of the device in the presence of

LO drive q is the junction capacitance and Ctune is any parasitic capacitance introduced by

any matching circuit. In the case of the resonant mixer, Ctune is introduced by the transformer

section and it is much smaller than Ci . Assuming that the mixer output is connected to a

constant load, RL , the 3-dB IF bandwidth as a result of this RC circuit can simply be written

as:

(1+ 
R011 )

 Rid
F3 dB 

2;r. Rout .1? L .(C
1 	C ,„,)

=

 27r er .(RN A).(1+ x)C sp (7)

where r = Rout / R and x = r tune- I C In our mixer, RL = 50 K .2, Rout — 45 12 and x< < 1, and we— •

have F34B — 7.5 GHz. This is close to the fitted value of 6 GHz.

It is clear from equation (7) that when R,:xit — RL , the IF bandwidth limitation is imposed

not so much by the large junction capacitance but by a large value of r, the ratio between the

output resistance and the normal-state resistance. In this example, we have r > 10. However,

this seems unavoidable at high operating frequency where the quasi-particle tunneling step

is very wide and the step is more likely to be flat, giving rise to relatively high values of Rout

This does not seem to be unique to resonant mixers. We also note that the IF bandwidth

depends on the RNA product. Clearly, we may improve the IF bandwidth by increasing the

current density of the tunnel junction. However, at higher current density, GI, slowly

increases, so that the gain in bandwidth may be limited.

Equation (7) can be applied to all other types of SIS mixers. In many lumped element

mixer designs, the tuning circuit may involve a large capacitance, making x > 1, In which

case, equation (7) predicts that the IF bandwidth will be smaller than resonant mixers.

The above discussion assumes a constant IF load. An IF matching circuit can always be

designed to reduce the impact of the IF roll-off effect. The large geometrical capacitance of

the distributed mixer does not seem to impose a fundamental limit on the IF bandwidth of the

mixer.

VI. Conclusion 

A near Quantum-limited sensitivity has been achieved in the 600 — 720 GHz frequency

band using an SIS resonant mixer receiver. The tunnel junction resonators in our mixer

design can be modeled easily through a simple linear transmission line equations. Using

transformer-coupled full wave Nb/A1N/Nlb resonators, we have measured noise
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temperatures as low as 141 K at 700 GHz with the mixer cooled to 4.2 K and 111 K with the

mixer cooled to 2.8 K. The mixers exhibit a 17% RF bandwidth, have a measured 3-dB IF

bandwidth of 6 GHz and useful sensitivities up to an IF bandwidth of about 8 GHz.
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Design and characterization of 225-370 GHz DSB and
250-360 GHz SSB full height waveguide SIS mixers
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Abstract

We describe the design, construction, and characterization of two SIS mixers: a DSB
mixer for the band 275-370 GHz, intended for band 7 of the ALMA frontend, and a
SSB mixer, backshort tuned, intended for IRAM's Plateau de Bure interferometer, and
covering the band 260-360 GHz. These two mixers share various common design
features, such as a wideband single ended probe transition from full height waveguide
to microstrip, and they use the same mixer chip. A significant challenge, especially for
the SSB mixer, has been to achieve not only low noise, but also stable operation over
the design band. The receiver noise for the DS13 mixer is found to be below 50 K over
100 GHz of RF bandwidth, with a minimum as low as 27 K (uncorrected) at 336 GHz.
The SSB receiver has a measured image rejection of order —14dB over the design band,
and its noise remains below 80 K (effectively a SSB receiver noise value).

1 Introduction
The frontend for the ALMA project comprises ten frequency bands, among which
band 7 (275-370 GHz), whose baseline specification is for a DSB, fixed-tuned mixer,
with a maximum noise temperature of 5hvik (66 K at 275 GHz). Therefore, our first
goal has been to develop a low-noise DSB mixer with stable operation over that band.

A significant element of the system noise in a mm-wave frontend is the atmosphere's
radiation in the image band. The new receivers being developed for 1RAM's Plateau de
Bure interferometer include a channel covering the band 260-360 GHz: it is foreseen to
reject the image band with an adjustable backshort, as in current TRAM receivers.
Therefore, the second goal of our work has been to develop such an SSB mixer, again
with low noise and stable operation.

2 Design
In the section we review the main design features of the two mixers, referring the reader
to Navarrini et al [1], where the design of the SSB mixer is presented in more detail.

2.1 Full height waveguide to microstrip transition
One of the goals of the design is to achieve an efficient coupling of the available RF
energy to the SIS junction. Rather than attempting a global optimization, we have, as a
first step, optimized the coupling of the waveguide TE i o mode to a TEM port with real
and suitably low impedance. We chose to use full height waveguide for these mixers,
because, compared with reduced height waveguide, it has lower losses and is easier to
fabricate.

2.1.1 Wideband probe transition
Yassin and Withington [2] have shown that a very good match can be obtained between
a full-height waveguide and the driving point impedance of a radial probe, with a real
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Fig.la Left) Wideband probe transition. Fig. lb Right) Driving point impedance found in
FDTD simulations; Anti and Ant2 differ by the opening angle at the base, which is 130° for
Anti, and 90

0
 for Ant2. While Anti delivers a lower impedance Ant2 was preferred for the

SSB application (see section 2.4).

and relatively low value Q) over a full waveguide band. In a practical
implementation, the antenna drives a microstrip line whose ground plane is a suspended
stripline RF choke sitting on a dielectric substrate, itself housed in a channel
perpendicular to the waveguide (see Fig. la).

We modeled this configuration using the FDTD package Microwave Studio from CST
[3]. We obtained for the driving point impedance the results shown on Fig. lb, with the
following parameters: waveguide dimensions 760 gmx380 gm, substrate fused quartz,
width 250 gm, thickness 80 gm, 100 im air above, 50 pm air below, probe (and
substrate) extending 200 I'm into the waveguide, opening angle at probe base 90 0 . The
fixed backshort is located at 210 JIM behind the plane of the probe metallization,
approximately 1

/4 Xg. An impedance close to 75 SI is obtained over the band 275-
370 GHz. While Yassin and Withington show that good results can be obtained with the
probe either in the longitudinal plane or perpendicular to the waveguide, we chose the
latter orientation in order to decouple the TE i 0 mode of the waveguide from an odd-
symmetry mode of the suspended stripline, whose cutoff frequency falls within the
operating band.

2.1.2 Image rejection by reactive termination.
If the electrical distance between the probe and the backshort is an integer multiple of
V2 Xg, the probe is shorted, and the junction sees a reactive termination, if that distance is
an odd multiple of 1/4 Xig, a match is obtained for the probe, and for the junction,
provided that a proper matching circuit is present (will be discussed further down). For
given values of the signal and image frequencies, vs and vj, the two conditions can be
met (approximately) for the same backshort position / b, (see [1]):
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For an IF center frequency of 4 GHz, lb,- 7 mm. Figure 2 shows the structure of the SSB
mixer, and the modeled probe impedance as function of frequency for an arbitrary
backshort position. Equation (1) only gives an approximate value for lbs., the precise
value is chosen to have maximum rejection at VI (and a near optimum match at vs).

2.2 Stability

2.2.1 DSB case
In the DSB case, the LSB and USB ports of the junction see equal terminations
(actually, in the formalism of Tucker's theory, because VL-1-=- V1 = VIF -V1,0 is negative,

0. The output impedance at the junction's IF port, defined by (using standard
notations):

v 7—
IF = 

1 
—A

v

O (2)

is actually independent of Yo. If the mixer is to be stable for arbitrary passive IF load
admittance Yo, the real part of IV must be positive. Fixing the bias voltage at the middle
of the photon step: VDc=Vg-hvL0/2e, and the pumping parameter oc=1, leaves as the
only free parameter the RF impedance Y i seen by the junction. The region of stability,
that depends only weakly on the LO frequency, is shown on Fig. 3a. This problem had
already been discussed by D'Addario

2.2.2 SSB case
In the SSB case, to keep the discussion manageable, we assume that the junction sees on
the signal port a source impedance Zs =RN. As discussed above, the rejection of the
image frequency is achieved by presenting a pure reactive termination Zi on that port,
whose value is the only free parameter in this case. The stability condition (again
weakly dependent on frequency) is more restrictive at the low end of the operating
range; at 275 GHz, the stable region is given by:
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Fig. 3a Left) The stability region in the DSB case, and the RF impedance seen by the
junction in the DSB mixer model. Fig. 3b Right) Similar data for the SSB case. See
text. Each of the Smith Charts is normalized to the small signal RF impedance of the
junction R 1 8S2 for RN = 25 Q.
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Z

3.27_ 
T 

< +0.12 (3)
jRN

This portion of the f .1 circle is shown on Fig.3b.

2.3 Junction parameters
To achieve the RF tuning bandwidth of 1OO GHz, we chose a RNxA product of
25S2x[tm2 . With a specific capacitance of 75 fFxgrn -2, this corresponds to a quality
factor Q = RRFCco= 2.6 at mid-band, based on a small-signal RF impedance
RRF

=
 0.75xR1v at 310 GHz. A junction area of 1 i.tm 2 was chosen as a compromise

between the technological difficulties of fabricating small area junctions with a good
accuracy, and the problem of matching the junction's RF impedance to the higher
driving point impedance of the waveguide probe. The junction definition was realized
by E-beam lithography.

2.4 Matching circuit
The matching circuit is realized by a combination of microstrip lines patterned in the Nb
wiring layer over a 200 nm Si0 2 (E=4.2) insulation, and sections of coplanar waveguide
patterned in the base Nb of the trilayer. The junction capacitance is tuned out by a short
( 4c/8) length of microstrip line terminated to a virtual ground provided by a radial stub.
The resulting near-real impedance is matched to the vvaveguide probe by a 2c/4
transformer, realized as a capacitively loaded coplanar waveguide, comprising two
coplanar sections. The probe with a 90 0 opening angle was chosen (see Fig 1) despite
the higher transformation ratio to 75 CI, because it allows to better fulfill the stability
criterion for the SSB mixer.

The design was performed by computing the S-parameters of the probe coupling
structure (including the suspended substrate microstrip line choke) with CST
Microwave Studio [1], and of the planar circuit discontinuities with Sonnet [5], and then
importing these into ADS [6] where the optimization of microstrip and coplanar
transmission line lengths was performed. As can be seen on Fig. 3, this circuit provides
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Fig. 4: Left) Photograph of the internal parts of the DSB mixer block and of the IF matching
circuit. Right) DSB mixer integrated with its IF matching and magnetic circuits. A
crossguide coupler and a diagonal feed-horn are also shown.
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a broadband match for the DS13 mixer, a good match at the signal frequency for the SSB
mixer, and fulfils the respective stability criteria for either type of mixer.

3 Experimental results
The main parts of both DSB and SSB mixer blocks are made of brass and are split in
two parts (Fig. 4). The front block is identical in the two mixers and includes the full
height waveguide realized by spark erosion. Anti-cocking bosses and alignement pins
are used the front blocks. Both mixers include magnetic circuits for the suppression of
the Josephson current.

The receiver noise was obtained by the standard method placing ambient temperature
and cold (77 K) loads in front of the receiver. We assumed the effective temperature of
the radiating loads to equal the physical temperature (Rayleigh-Jeans approximation).
This also corresponds with very good approximation to the Callen&Welton effective
radiating temperature [7] that excludes quantum vacuum fluctuation from the receiver
noise.

The mixer under test is installed in a two stage liquid helium/liquid nitrogen cryostat for
laboratory noise measurements. A 1.78 mm thick grooved HDPE vacuum window and a
TR filter realized with a 8.15 mm polystyrene foam are located on the signal path before
a corrugated feed-horn with HDPE grooved phase correcting lens. A 3.5-4.5 GHz IF
HEMT amplifier with noise T ff 5 K and gain Gir-----34 dB is cascaded with the mixer. A
Gunn oscillator followed by a frequency multiplier (3x or 4x) provides the necessary
local oscillator (LO) power over the test band. The mixers have been tested by using LO
injection both with a) a wire grid located outside the cryostat b) a —16 dB branch-guide
coupler.

3.1 Characterization of the DSB mixer

The pumped current-voltage characteristic with LO frequency vw=320 GHz, as well as
the receiver output power as a function of bias in response to hot/cold loads are shown
in Fig. 5. The receiver noise measured in front of the injection grid at this particular
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LO Frequency (GHz]

Fig. 6: Measured DSB receiver noise temperature
versus frequency for different DSB mixers. The local
oscillator was injected by using both a quasioptical
systems and a branch-guide coupler.

frequency was 37 K. Fig. 6 shows the measured receiver noise temperature plotted
against LO frequency for various chip-DSB block combination over the 225-368 GHz
band. The Tree measurement are uncorrected for optics and injection loses. The first
three measurements were obtained with quasi-optical injection: the receiver noise is
below 60 K over more than 100 GHz of band. The relative bandwidth of the mixer of
approximately 50 % is one of the widest ever reported. The increase of noise in the
upper part of the band is believed to be caused by the junction area being 35 % larger
than specified. Even with that increase the specification for the RF coverage of ALMA
band 7 is met.

A further test of the mixer using a branch-guide coupler [8] gave superior performance
in terms of noise temperature over a narrower bandwidth, with minimum of
(uncorrected) Trec=27 K at 336 GHz; to our knowledge this is the lowest receiver noise
ever reported at this frequency.

3.2 Characterization of the SSB mixer
Setting the mixer for SSB operation at the signal frequency vs is a two-step process.
First, the LO is set at the image frequency vj, and the junction dc pumped current is
plotted versus backshort position l bs . A
position that gives minimum current
corresponds to minimum coupling of the
junction at v T . Actually, several positions are
found, spaced at regular intervals of Xg/2, as
shown on the experimental result plotted in
Fig. 7. Mixer modelling calculations are
used to select the position l b, that gives near-
optimum coupling at the signal frequency.
Then the LO is set at the proper VL0 for SSB
operation at vs without changing lbs. The
narrow resonances observed in the plot of
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the pumped current versus lbs curve are believed to be caused by the second polarization
of the TE ii mode that can propagate in the circular waveguide. We believe that the
second TEn mode is coupled by an off-axis displacement of the circular backshort and
is trapped between the backshort and the transition. The narrow resonances can degrade
the image rejection at particular frequencies. Therefore, it is foreseen to replace the
circular cross-section backshort with a new choke type rectangular backshort that can be
moved in an uniform rectangular waveguide.

The image band rejection has been measured by using a Martin-Puplett Interferometer
(MPI) that provides sideband filtering (Fig. 8). The MPI is tuned to reject successively
the signal and image band. Then, the difference of the receiver output powers in

39



Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

response to hot/cold loads located in the arm B are measured. The sideband rejection is
obtained as the ratio of these differences.
The results of characterization of the SSB mixer are shown in Fig. 9. A DSB receiver
noise temperature of the order of 80 K (uncorrected) is obtained over most part of the
band (left scale) with an image rejection around —14 dB (right scale). Given the high
image rejection, the plotted receiver noise is an SSB receiver noise temperature apart
from a factor (1+GI/G5),.1.04.

4 Conclusions
Two SIS mixers in full height waveguide have been designed. They use the same mixer
chip. One is a fixed tuned DSB mixer, designed for ALMA band 7 (275-370 GHz). Its
operation has been demonstrated over 225-370 GHz, with a DSB noise temperature
below 50 K over a 100 GHz RF band, the minimum being 27 K at 336 GHz. The
second one is a SSB mixer designed for IRAM's Plateau de Bure interferometer, with an
RF band 260-360 GHz, and where the rejection of the image band and the matching of
the signal band are simultaneously achieved by an adjustable backshort. The measured
rejection is of order —14dB; the (quasi-SSB) receiver noise is below 80 K over 90% of
the design band.
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Abstract

Two type of Nb diffusion-cooled HEB mixers have been studied. One uses a
twin-slot antenna designed for 700 GHz, and has a bridge length of 200 nm. This device
is fabricated using an in situ-process for the interface between the bridge and the cooling
pads. An uncorrected receiver noise temperature of 1200 K at 640 GHz and an IF
bandwidth of 5 GHz have been measured. The second device uses a log-periodic antenna
designed for a wide RF bandwidth. However, there is a misalignment of the Nb bridge
with respect to the Au cooling pads. Receiver noise temperatures at 0.64, 1.9, and 2.5
THz have been measured. We are able to link the geometry feature to the measured
properties.

1. Introduction

Superconducting Nb diffusion-cooled hot electron bolometer mixers have shown
promising performance such as high sensitivity, large intermediate frequency bandwidth,
and low local oscillator power. They are the most promising mixers for frequencies
beyond 1 THz. Several research groups' -5 are working on such devices and report good
performance. However, extensive experimental data concerning the RF performance is
still lacking. It is believed that the difficulty comes from the fact that the performance of
such devices is very sensitive to the fabrication processing steps, the detailed geometry,
and the test environment. In this work, we show that by changing one fabrication step
defining the interface between the Nb bridge and Au cooling pads in-situ, good
performance in terms of IF bandwidth and sensitivity can be achieved. We will also show
that the DC and RF performance can strongly depend on the device geometry, as
observed from a device having a misalignment of the bridge with respect to its cooling
pads.

2. Mixers

Two type of quasi-optical mixer designs have been explored in this work. One uses a
twin slot antenna in combination with transmission line (CPW) for 700 GHz and 2.5

41



Thirteenth International Symposium on Space Terahertz Technology, Harvard Univers il March 2002.

THz5 . Although the final goal is to develop devices operating at 2.5 THz, unfortunately,
only those designed for 700 GHz work from two batches using a new fabrication process
that will be described shortly. Details of the device IS 12 G4 are listed in Table 1. An
SEM micrograph of a similar device is shown in fig. I.

Fig. 1 SEM micrograph of a quasi-optical Nb HEB mixer with a twin-slot antenna , designed for 700 GHz.
The device is similar to IS 2 G4. The inset shows a zoom of the CPW/bridge area.

Table I. Details of device IS 1 2 G4. L, w and s are the antenna slot length, width and separation,
respectively. a and b are the slot-- and center line width in CPVV transmission lines. Z h ,,i,„ are filter
sections having high and low impedance.

frequency 0.7 THz
Antenna twin slot, L=1371.1m, w=6.9gm , s=68.5 m, metal Au layer: 300nm
CPW line a-1.2 pm, b=2.0 p.m
Filter Ziow: a=1.2 pm, b=6.6 kun, Zhi: a=3.9 p.m, b=1.2 lam
Nb bridge Thickness = 14 urn, length = 200 urn, width = 250 mu (nominal)

Resistance RioK= 40 Q, R 4K = 7 Q series R , R3OOK=104 Q
Substrate Si, 300 pm thick, one-sided polished not on purpose)

The second type of mixer is based on a log-periodic antenna (2x15 teeth), which should
have a wide RF bandwidth. The antenna has a self-complimentary design and its
impedance is relatively high. Since the Nb devices usually have a low impedance, there is
always a considerable mismatch between the antenna and the bolometer, causing
degradation of noise performance. So such a antenna is not the optimum choice for the
HEB to obtain the maximum performance. However, the wide band allows us to verify
the frequency dependence of the HEBM sensitivity. The SEM micrograph of the device
reported in this work is shown in fig, 2. It is important to note that there is a misalignment
of the bridge with respect to the cooling pads (about 150—nm), that is partly due to an
error in the e-beam lithography and partly due to the fact that this device is designed for
having a narrow cooling pads. The relevant parameters are; 300 nm separation between
the cooling pads, 400 nm Nb bridge width, 22 Q normal state resistance.

42



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

Fig. 2. SEM micrograph of device IS 14 F3. The inset shows the Nb nanobridge contacted by Au cooling
pads. The length and width of the bridge are 300 nm and 400 nm, respectively. Clearly, the bridge is
misaligned with respect to the cooling pads.

3. Fabrication.

The fabrication process is different from the one described in ref. 5, in essentially two
aspects a) the interface between the Nb bridge and Au cooling pads is realized in situ, so
no vacuum breaking. This is realized by depositing thin Nb and a thin Au cap layer in
situ. After defining the Au cooling pads, the Au cap layer will be etched away; b) we use
a thin Al strip as an etching mask to define the bridge width.

4. RF measurement set-up

The noise temperature measurements are performed by a standard Y-factor technique
with 300/77 K loads in the receiver signal path. All measurements are taken at an IF of
1.4 GHz . We use a Mylar beam splitter with a thickness of 15 pm to couple the LO into
the mixer. A number of BWOs and Carcinotrons covering the frequency range from 0.3
to 1.2 THz serve as a local oscillator. Above 1 THz an optically pumped FIR ring laser in
our lab is used. The output lines at frequencies of 1.6 THz, 1.9 THz and 2.5 THz are now
available.

IF bandwidth measurements are done using a pair of submillimeter sources at
frequencies around 650 GHz. A Miteq 0.1-8 GHz cryo-amplifier is used as the first stage
amplification. It is followed by a room temperature amplifier and further by a spectrum
analyzer.

5. Measurement results of a twin-slot antenna coupled HEB mixer designed for 700
GHz

5.1 DC measurements
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We start with a twin slot antenna-coupled device labeled as IS 1_2 G4. The critical
temperature Tc of the Nb nanobridge is 7.4 K, which equals to the larger films on the
same wafer. The Te of the Nb under the Au cooling pads (110 nm thick) is 6.2 K, thus the
difference between the two T, amounts to 1.2 K. This difference is nearly the largest
observed so far in our Nb HEBMs, indicating a strong suppression of superconductivity
by the Au cooling pads due to the proximity effect 6 . So one can expect a Nb/Au interface
with a high transrnissivity. Both the high transparent interface and the strong suppression
of superconductivity of the Nb under the cooling pads are favorable for diffusion cooling.
The critical current t, is 160 vt,A. at 4.2 K and increases to 260 IAA at 3.2 K. The normal
state resistance RN measured above T, is 40 0 (as given in table I), which is higher than
expected. Based on the nominal geometry and square resistance measured in a larger
structure, we expect the value to be around 12 Q. We suspect that the deviation from the
nominal value is partly due to over-etching while defining the Nb nanobridge. This may
cause the bridge to be narrower than the nominal size. However, since SEM micrograph
of this particular device is not available, we cannot make a hard conclusion. The serious
resistance of 7 Q is due to the filter structure.

Fig. 3. Measured direct response of a twin slot antenna coupled Nb HEB mixer. The thick line gives
measured data and the thin line indicates the simulation.

5.2 Direct response

Fig. 3 shows the direct response of the device as measured by FTS. The thick solid line
indicates the measured curve. We calculate the FTS response for this specific device
(real geometry) using the model described in ref. 5. The result is shown as a dashed line
in Fig. 3. This curve includes the effect of all the optics, so we can compare it directly to
the measurement. The peak frequency is well explained, however, the measured
bandwidth is —20% smaller than the predicted one. It is worthwhile to mention that other
samples from the same batch show a better agreement. So it depends strongly on device
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differences. We present however the data from this device because it is completely
characterized regarding its noise and IF bandwidth.

V(m V)

Fig. 4. In the upper panel, 17-factor (thin lines) and Tr„, thick lines) vs bias voltage for the device IS 1_2
G4 lvith several LO levels at a 64 TM,. in the lower pane corresponded pumped IV curves are also given.
The correspondence is indicated by the line stile e.g all the dashed lines have the same LO power. These
data are taken at 4.2 K

5.3 Receiver Noise Temperature

The Y-factor and thus the receiver noise temperature of the same device(IS 1_2 G4)
have been systematically measured as a function of bias voltage for different LO power
levels at the bath temperatures of 4.2 and 3.2 K. Fig. 4 shows the Y-factor and the
deduced receiver noise temperature as a function of bias voltage at four different
pumping levels, together with their corresponding pumped IV curves, taken at a Tbath of
4.2 K. At this temperature, the best Y-factor of 0.5 dB has been measured manually (not
included in the figure), corresponding to a receiver noise temperature of 1600 K (DSB).
Note that all noise figures given in this paper have not been corrected for any loss in the
signal path, e.g. beam splitter.
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We now try to look at this result more closely. Two features are worthwhile to
mention. First of all, for a given bias voltage, e.g. at 0.8 mV, Trec decreases with
increasing LO power (means starting from less pumped IV curves), passes a minimum
and eventually increases again. Secondly, for a fixed LO power, T,, has a minimum
between low and high voltages. So these features clearly demonstrate that there is a
region where the mixer has the lowest noise if one adjusts LO power and the bias voltage.
Such features have been reported in NbN phonon cooled mixers 7 , but rarely reported in
Nb mixers. Furthermore, the highest Y-factor does not occur at the lowest bias voltage,
at which the dynamical resistance starts to be negative, that is favorable for the real
application. The LO power absorbed by the mixer for the case of the lowest noise is
estimated to be 30 OW.

V (mV)

Fig. 5. In the upper panel, Ylactor (thin lines) and T rec (thick lines) vs bias voltage for the same device as
in fig. 4 with several LO levels at 0.64 NI:. in the lower panel, corresponded pumped IV curves are also
given. The correspondence is indicated by the line style, e.g. the dashed lines mean the same LO power.
These data are taken at 3.2 K.

We repeated the measurement by lowering the bath temperature to 3.2 K. The
result is given in fig. 5. In general, we see similar behavior of Y-factor vs the bias voltage
for different LO powers. However, overall Y-factor increases at this temperature. Now
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the highest Y-factor goes up to 0.65 dB (not included in the figure). This gives a receiver
noise temperature of 1200 K. We also notice that it requires in general more LO power to
pump the device.

The best receiver noise temperature decreases by —26 % upon decreasing the
temperature to 3.2 K. Similar improvement has also been observed in our waveguide Nb
REB mixers and by other groups. Attempts have been made to understand whether this
is due to an increase of mixer gain or a decrease in mixer output noise 8 . Unfortunately,
the issue is still not fully resolved.

We also measure the receiver gain in order to determine the mixer gain. The IF
output power of the device has been measured by changing hot/cold loads. We find the
maximum DSB receiver gain to be -20 dB. Using Table 2, which summarizes all other
losses in the receiver, we deduce a DSB mixer gain Gm ix to be —16 dB. We can only
present the mixer gain at 4.2 K, but not at 3.2 K since in the latter case no such IF power
data have been recorded.

Although there is no well-established model to predict the mixer gain of a
diffusion-cooled mixer, for curiosity, we calculate this value by using the electronic hot-
spot model" with inputs of the experimental IV curves and the device parameters. We
find the maximum mixer gain to be —12 dB. So, the difference is not considerably large.

Table 2. Balance of the receiver losses at 0.64 THz, including also a loss due to a slight off from the
antenna peakfrequency. We did not include the effect of roughness on one side polished substrate.

Elements Loss(dB)
Splitter 0.4
Window 1.0
Zitex filter (x2) 0.2
Lens (reflection) 1.5
Lens (absorption) 0.3
Antenna offset 0.2
One side-polished Si
Total 3.6

5.4 IF bandwidth

The IF bandwidth of an HEBM is an important practical parameter, which is defined as
the frequency at which the conversion gain drops by 3 dB. We measure this bandwidth
for the same device (IS 1_2 G4). We start with a low bias voltage (0.65 mV), at which
the minimum noise temperature has been obtained. The conversion gain as a function of
W frequency is presented in fig. 6. The one-pole Lorentzian fit to the data gives the IF
bandwidth of 3.2 GHz. By increasing the bias voltage to a high value (— 3mV), we repeat
the measurement and find the IF bandwidth of 4.5 GHz. Several other devices with the
same bridge length from the same batch have been evaluated, showing the IF bandwidth
to be in a range of 4-5 GHz at high bias voltages. An example is given in fig. 7. This is
measured in another device labeled as IS 1 2 B9 and the bandwidth is 5 GHz. To make a
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comparison, the data from a similar device but produced by non in-situ process is also
included. For this device, the IF bandwidth obtained is only 2 GHz.
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Fig. 6. The measured relative conversion gain as a function of IF frequency for the device (IS 1_2 G4) at a
bias voltage of 0.65 117 V for which the best sensitivity was obtained (in the optimal bias point). The one pole
fit gives a roll-off:frequency of 3.2 GHz. This device has a nominal length of 200 nm.

0.1 1
Frequency (GHz)

Fig. 7. The relative conversions gain as a function of IF frequency, measured on a device (IS 11_2 B9)
made in-situ (squares) and one made ex-situ ES 2_2 (dots). The nominal bridge length for the both devices
is 200 nun. The in-situ device gives an IF bandwidth of 5 GIL: and the other one 2 GHz.

In general IF bandwidth of such a device should increase with increasing the bias
voltage10 . This is because at low bias voltages, only a part of the superconducting bridge
is driven to be normal. At high bias voltages one can view the superconducting bridge
just as a metallic strip. So the IF bandwidth should increase and approach to what
predicted by the diffusion-cooling expression:

IF roll-gfr 7012L2
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where D is the diffusion constant and L the bridge length. We calculate this value by
taking the nominal length 200 nm and using a diffusion constant of 2.1 cm 2/s, which is
deduced from a value measured in thin Nb film8 , taking the sheet resistance of our film
into account. Using these values, we fmd the IF bandwidth of 8.3 GHz, which is higher
than the observed one.

5.4. Discussions

We have evaluated three similar devices in the RF setup and obtained very similar noise
performance. The noise figure presented in this paper is the lowest among the tested
quasi-optical mixers in our lab. They are in general better than the devices produced in
the non in-situ fabrication process. Unfortunately we can only compare the data at 640
GHz, but not at 2.5 THz because we did not have devices designed for 2.5 THz using the
new process. To have a comparison, we also summarize sensitivity measurements based
on devices produced by the non in-situ process. Several batches of the devices have been
produced and a considerable amount of them have been tested in order to evaluate the
noise performance. The DSB noise temperatures vary between 1.500-2.000 K at 640 GHz
and 4.500-10.000 K at 2.5 THz. These data have not been corrected for the losses in the
signal path, which we estimate to be about 4-5 dB (beamsplitter, dewar window and
reflections at the air/Si lens interface).

Can we further improve the sensitivity? There must be room for if we simply
compare to the best result obtained in the waveguide mixers in our lab, that was 900 K
(uncorrected) at 700 GHz 8 . In order to push the noise temperature further down, more
specifically the following aspects need to be improved a) our Si lens does not have any
anti-reflection coating. This gives rise to a 1.5 dB loss due to reflections from the lens
surface; b) our dewar window is optimized for 2.5 THz. An improvement of about 0.4 dB
can be made in optimizing the dewar window for 0.7 THz; c) This particular batch is
produced on single-sided polished Si substrate. The backside has an RMS roughness of
about 20 lxm, being a considerable fraction of the wavelength. This can give a negative
contribution to the sensitivity measurement, but it is hard to be quantified; d) The bath
temperature of 3.2 K is still not lower enough.

6. Measurement results of a log-periodic antenna coupled HEB mixer designed for a
wide RF band

In this section, we will summarize the key measurement data from the log-periodic
antenna coupled device (IS 1_4 F3). The motivation to present such data has two folds.
1) this is one of very few devices in which we can perform systematic measurements
such as DC characterization, FTS, Y-factor and the gain as a function of bias with
different LO powers, and also IF bandwidth. For this device, we could in the end take the
SEM micrograph; 2) we see the correlation between the measured properties and its
geometric anomaly.
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Here are the key observations from this device:
• Resistance vs temperature curve has additional structure, differing from a well-

defined HEB device
• Un-pumped and in particular pumped IV curves differ pronouncedly from the

calculated curves using the electronic hot-spot model.
• The IF bandwidth has only 0.8 GHz, which is much smaller than 4 GHz, as

expected for a separation of cooling pads (300 nm) and the diffusion constant.
The relative conversion gain vs IF deviates from the Lorentzian behavior.

• For the optimized operation, this device requires a LO power of 100-150 nW,
which is 1.5-2 times more than a usual Nb HEB mixer. This suggests that LO
power is not only absorbed in the Nb between the cooling pads, but also the Nb
next to them.

Apart from those observations, we study the FTS response, which starts from 0.3 THz to
3 THz, confirming that it is indeed a wide band receiver. We also measure Y-factor and
thus DSB receiver noise temperature at 0.64, 1.9 and 2.5 THz. Those values together
with the mixer noise temperature and mixer gain estimated from the balance of receiver
losses are listed in table 3. Note these noise data are certainly not the best if we compare
them to the data given in section 5.4.

Table 3. The Y-factor and receiver noise temperature (DSB, uncorrected) of a log-periodic antenna
coupled Nb HEB mixer at three different frequencies. The estimated mixer properties are also given. TAA,,,

Gmix , and G„,p, are the mixer noise temperature, mixer gain, and the gain of the optical signal path,
respectively

f (Tliz) Y-factor Tree rmix Gini,(dB) G0(dB)
0.64 0.35 2400 600 -12.7 - -6.8
1.9 0.13 6900 920 -11.8 -7.1
2.5 0.10 8900 900 -12 -9.0

7. Conclusions

In conclusion, we have designed and fabricated quasi-optical Nb diffusion-cooled
HEBMs to operate in the frequencies up to 2.5 THz. The IF bandwidth of the devices
with a 200 nm long bridge produced using the in-situ fabrication process is as high as
5 GHz. The best receiver noise figure is 1200 K at 640 GHz. Through the systematic
measurements we have confirmed that Nb HEB mixers in principle work and
demonstrated reasonably good performance. However, we emphasis that the detailed
fabrication process steps and also the device geometry can affect the overall performance.
Unresolved problems in our case are a good control over fabrication process with respect
to both reproducibility and yield.
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A Hot Spot Model for FIEB Mixers Including Andreev
Reflection
Harald Merkel
Chalmers Uniiversity of Technology , SE 412 96 Goteborg , Sweden

Abstract
A device model for HEB mixers is described that takes two additional effects into
account: Andreev reflection at the hot spot boundaries and critical current variations on
the bridge. This model is capable to predict IV curves even in the unstable areas with
acceptable accuracy. Based on these large signal results a more accurate small signal
expansion has been developed: In the framework of this model heating due to a small
signal current change acts differently from a small signal voltage change at IF.The small
signal model allows accurate predictions of the conversion gain and the mixer noise
including thermal fluctuation, Johnson and quantum noise.

Introduction
Hot spot models for HEB mixers have been proposed in recent years resulting in a
substantial improvement in HEB modelling and understanding of the device physics.
Such models require the solution of an one-dimensional heat balance. The occurrence of
a DC resistance and the device's mixing capabilities are explained by the formation of a
hot spot, i.e. a normal conducting zone wherever the quasiparticles exceed the critical
temperature. Depending on the applied heating powers a certain temperature profile is
obtained on the HEB bridge resulting in a certain hot spot length. Applying a
superposition of a strong LO source and a weak RF signal results in a time-averaged RF
heating and in a small beating term oscillating at the difference frequency (IF). The
latter causes a tiny change of the hot spot length. This yields a small resistance change
at IF which creates small signal currents and voltages through the bridge and finally
gives rise to conversion gain of the HEB. Unfortunately none of these hot spot models
is capable to predict gain and noise simultaneously with acceptable accuracy without
introducing additional empirical parameters or by requiring parameter values being in
conflict with experimental results. A popular empirical parameter is the local resistive
transition width [I] assuming that the film smoothly turns normal around Tc. This
reduction of the resistance slope "helps" to fit the conversion gain but still too much
heating power is predicted. Required values for this transition are about 800mK whereas
experiments reveal some 50mK. For Nb the case is even worse [2]. There are strong
indications that some physical effects are not covered by a simple hot spot based device
model. In this paper two additional effects are discussed in order to explain at least part
of the discrepancies. These additional effects are due to critical currents and due to
Andreev reflection. Throughout this model, strong localization is assumed. This
applies to quasiparticle and phonon temperatures, the critical current and the
quasiparticle bandgap.

Critical current effects on the HEB bridge
In previous models a normal zone is formed wherever the quasiparticle temperature
exceeds the critical temperature. This holds only for zero bias current. Otherwise the

53



g , g

•

• StornraVii

ci.Ohi üi ios
AndrOev reflection

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

normal zone is created wherever the bias current density exceeds the critical current
density which is the case at a lower temperature. In the framework of this model, a
reduced critical temperature is defined which corresponds to a critical current density
equal to the current density caused by the bias current.

Andreev reflection
In simple hot spot models the HEB bridge is assigned a temperature-depending lateral
thermal conductivity of exponential or polynomial form [1],[2]. Due to Andreev
reflection at the boundary between the hot spot and the superconducting rest of the HEB
bridge, only electrons which energy is large enough the overcome the quasiparticle
bandgap participate in heat transport. Andreev reflection provides good thermal
insulation of the hot spot. As a direct consequence the electron temperature within the
hot spot is now more or less constant. The electron temperature profile and the resulting
bandgap distribution is summarized in Figure 1 :

0

Figure 1: Schematic of a HEB bridge. The whole bridge is heated by RF, the bias heating acts only on the
hot spot where superconductivity is suppressed. The electrons are cooled by phonon escape to the
substrate and by outdiffusion to the pads. Outdiffusion is reduced by Andreev reflection at the hot spot
boundary.

Model assumptions
The HEB device model presented here is based on a set of assumptions. All parameters
used here are summarized in Table 1 at the end of the paper including typical values for
the calculations presented here:

1: Localization and immediate thermalization
The correlation length is of the order of the film thickness. All superconducting
parameters are localized. The film properties in vertical direction are homogenous.
Besides that one assumes instantaneous thermalization of the heating powers by
electron-electron interaction. Then electrons and phonons are described by effective
electron and phonon temperatures.
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2: Heating by superposition
The HEB is heated by LO power being the linear superposition of a local oscillator
(LO) signal and a weak RF source. This superposition results in a power deposited in
the HEB bridge at the intermediate frequency (IF) of the form:

P IF 11 PLOPS

In time average the HEB bridge is heated by the mean value of the LO power and DC
power.

3: A model for the critical current density on the HEB bridge
Operating a BIEB as a mixer requires a substantial bias current to be carried by the HEB
bridge. Therefore the superconductivity on the HEB bridge is suppressed wherever the
local critical current is exceeded. The theoretical temperature dependence of the local
critical current density Id/Tx) is given by Ginzburg-Landau theory [3]. Performing a
nonlinear best fit a simplified and more convenient relation is obtained (the parameters
are explained in Table 1):

Here y denotes a best fit coefficient set to 0.408. For T, ranging from 8.5K to 11.5K this
yields a more accurate model than the "usual" setting [3] of y1.5 for low temperatures
and 0.5 for large temperatures. Solving (1) for the quasiparticle temperature, a
"reduced" critical temperature is obtained for voltage bias:

The results for the reduced critical temperature for voltage bias for a voltage of
V0=0.8mV (1.0mV and 1.2mV) are summarized in Figure 2.

Figure 2: Reduced critical temperature for a bias voltage of V0=0.8mV (1.0mV and 1.2mV , the black
dotted curves) with a substrate temperature of 4.2K and a critical temperature of 8.5K.
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4: Almost perfect Andreev reflection at the hot-spot boundaries
A hot spot is formed wherever the bias current exceeds the critical current. The
remaining parts of the bridge are in perfect Meissner state. The hot spot is heated by the
absorbed bias power and the uniformly absorbed LO power. The quasiparticles in the
hot spot are cooled by electron-phonon interaction and the heat is removed from the
film by phonon escape. At the NS interfaces Andreev reflection [4] determines the
amount of heat being able to leave the hot spot by diffusion. In the ideal case (perfect
Andreev reflection) no heat transfer will occur across the interface and the whole
cooling power is carried by the phonon path. In reality only the fraction of "normal"
electrons with the energy of the quasiparticle levels in the superconductor will be able
to carry heat across the NS interface. As a first order approximation we neglect the fact
that the quasiparticle bandgap opens slowly on a length given by the thermal healing
length and assume the bandgap to be its coldest value reached at substrate temperature
immediately. This is an acceptable assumption since we are only interested in the net
heat loss of the hot spot to the antenna pads — at some point in the superconductor all
electrons with energies smaller than the local bandgap will be reflected and only those
being able to overcome the highest bandgap will remove heat laterally from the hot
spot. The fraction of electrons transporting heat a across the hot spot boundary is
estimated using a Fermi-Dirac distribution function for the electron density nE(E) [5].

A (T)

inE (E)E kT ln 1 + e kT — A(T)

0
Calculations show that typical values of the Andreev transmission for critical
temperatures around 10K and pad temperatures of the order 5K are in the range 1% to
10% providing good thermal isolation of the hot spot. It is important to note, that this
model assumes the antenna pads of the HEB to be in perfect Meissner state. Using this
model for HEB configurations with normal conducting antenna pads, the maximum
value of the quasiparticle bandgap needs to be changed appropriately. In the next
section, the hot spot size is calculated based on the previous model assumption by
approximating the solution of an one-dimensional heat transport equation.

Solving for the temperature and the size of the hot spot
The quasiparticle temperature on a hot spot of given (but yet unknown) length 2x0 is
determined by an equilibrium between electron-phonon cooling Pp, RF and bias heating
and cooling due to net outdiffusion through the NS interfaces PD. One obtains then [6]:

V2p
ILO

0 

N

+ 
P=
D 2 - xo • D.W

The net heat loss due to heat conduction from a hot spot with temperature rc,eff,V is
determined by the gradient of the quasiparticle temperature between the hot spot and
the antenna pads:

Pp (4)
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For the electron-phonon interaction one is left with the "usual" expression [6]:
PP = crE(Tn T;) (6)

The power being transferred to the phonons heats the film phonons that is cooled by
phonon escape to the substrate. The heat transport by phonons in direction of the film is
neglected. Then a heat balance for the phonons becomes:

o - E " — T n o- (Tm — • o- " np = P p S E p
T,s (7)

Inserting (7) in (6) and subsequently in (5) and (4) the temperature of a hot spot T for a
given length x is obtained by:

For (8) a closed form analytical solution is available. A typical result for the
quasiparticle temperature is shown in Figure 3. Note that with perfect Andreev
reflection (i.e. no diffusion losses) the hot spot will violate the boundary condition
under the antenna pads.

20

17. 5

15

with perfect Andreev reflection
0

a= 2

12.5

' 10 -

7 . 5

TequilibriumN)

COMO WA frAMMVAMOSc 	W&<.<0,ARKG0

2.5

50 100
Ho! spot Length x0 [nm]

Figure 3: Equilibrium temperature of a hotspot with variable length (for a device length of 2 x 200mn)
with 2% Andreev transmission (solid black line) and perfect Andreev reflection (dotted dark gray line)
together with the substrate temperature T s and the critical temperature T.

Obviously the temperature in the hot spot (and therefore also at the end of the hot spot)
must be equal to the quasiparticle temperature required to break superconductivity for
the given bias current. From this the hot spot length is calculated. A graphical solution
for a single operating point is shown in the following Figure:

150 200
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Figure 4: Solving for a hot spot length at 03mV bias voltage and 100nW LO power. Te is 8.5K and the
substrate is at 4.2K. The device length is 400nrn, its width is 41Am and the thickness is 50A.

Figure 5 shows a comparison between theory (thin and partially dotted curves) and
experiment (thick curves) for various LO powers. The topmost curve is obtained for no
RF heating at all and the lowest one for 300nW. The curves in between are obtained in
steps of 25nW. For the measured curves, the topmost is obtained at about 25nW LO
power and the lowest at about 300nW.

0 2 3
dc voltage(mV)

Figure 5: Measurement and theoretical results for the IV curve for a NbN HEB on MgO with the
dimensions 400mn x 4um x 55A measured at 2.5THz. The measured points are connected by thick gray
lines. The black curve is an unpumped curve, the light gray is pumped with about 300nW LO power
according to a standard isothermal method applied far away from the optimum point for large bias
voltages. The calculated values are obtained for OnW up to 300nW LO power with a step size of 25nW.

Small signal model
The HEB mixer topology is shown in Fig. 6. It is similar to the topology from [7] where
the biasing resistor has been replaced by a large inductance serving as RF coil:

58



2
, 3

t) - .5 i''' '::
t-.) •-:.. 4.

"--'k

ii../0

7,5

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

Figure 6: Mixer topology for a typical HEB application — the inductance ensures proper voltage biasing
for choosing a proper DC operating point. For IF signals, the inductance poses an open circuit and the IF
signal is coupled to the load resistance by a DC block capacitor. co/ F denotes the intermediate frequency
i.e. the difference frequency between the LO and the RF signal.

In this model, the large signal relations are behave differently in current and voltage.
This is contrasted by older models [1],[7],[8] where only heating powers are considered.
Let us assume that the bolometer resistance given by the hot spot length depends on LO
heating power, bias current and bias voltage. Then the small signal resistance change in
the bolometer rB is modelled by:

TB = C rf "PLO • PS CVV I 0 — C • Vo (9)
From this, the power in the load resistance can be calculated and one obtains for the
conversion gain:

P

G =  L = , 
+

2 . /o2

„

Ps r
C r

2f Plo
2

1—j 2 I RB —CvRi

RB RI

(10)

Values for the conversion loss of a FIEB and comparison with measurements are
indicated in Figure 7.

calculi-1'6Ni from rwasurzrnent

0,5 I 1.5 2 2,5
(mte)

Figure 7: Calculated intrinsic conversion gain based on measurements (thick gray curves) and theoretical
results (dashed and dotted curves) for the intrinsic conversion loss for a NbN HEB on MgO with the
dimensions 400nm x 4tm x 55A measured at 0.6THz. The measurement data have been obtained at an IF
frequency of 1.5GHz.
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HEB Noise
Noise in the HEB is caused by Johnson noise since the hot spot forms a resistor with a
certain temperature THotspot- The noise contribution at the mixer output T7 is given by

[9],[10]:
4 L •

T out
• R R B T Hotspot

RBB R L
1 — /02 

C R
L
 —C

1?
B

Any system of a given temperature with a given thermal coupling to a cold reservoir
and a certain volume exhibits thermal fluctuations [9] resulting in noise. For a hot spot
this results in [10]:

TF 

(R
B 

RL
ar

.[OR I 2 R
T out = 0 L 1

1 -- / 
CR, —C,R„

02

Results for the DSB receiver noise temperature are summarized below:

T = L

ou,t T out _a_
TF T IF Q 

out
hy B

I
hv

2G

in optics (-logics 

,,
1400 • , _/

g,-

RB RL

A third noise contribution is caused by quantum noise [11],[14

R h-v
= 2G L 

optics L optics 4K B + 1 —1 (13)
S 2k

Adding up all the contributions and transferring them to the mixer input, the DSB input
noise temperature T,„ is obtained [11]:

–Thotspot

2
4T 20h tspo t *relay (12)

Ce V °

(14)

1200

1-Q2. 1000
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dc voltage (m16

Figure 8: Measured receiver noise (thick gray curves) and theoretical results (dashed and dotted lines) for
the DSB receiver noise temperature for a NbN HEB on MgO with the dimensions 400nm x 4pm x 55A
measured at 0.6THz.

The noise measured at the IF output of the HEB is a collection of the warm load at the
input Tiab of the HEB collected in both sidebands, the fluctuation, Johnson and quantum
noise contributions and the contribution of the optics losses at a given temperature of
the optics:
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ut = abT . 2G +Trt +rut +ruf +(L - 1)  
hv B 

h
2G, F J opt! cs (15)

e kT optics

Results for the output noise temperature is summarized below for the same device as in
Fig. 5.

0.5 1 1.5 2 2.5 3
dc voltage (77V)

Figure 9: Measurement (thick, gray curves) and theoretical results (dashed and dotted lines) for the output
noise temperature for a NbN HEB on MgO with the dimensions 400nm x 4pm x 55A measured at
0.6THz.

Conclusion
REB model including critical current effects and Andreev reflection at the hot spot

ends together with a small signal model where heating due to RF, IF currents and
voltages is treated differently improves the quality of performance predictions by HEB
device models substantially. In addition complete relations for the quantum noise in
HEB receivers are now available (c.f. the contribution of K.S.Yngvesson and
E.L.Kollberg in this issue) and have already been introduced in the model presented
here. The model describes IV curves with satisfying accuracy and yields reasonable
conversion gain and noise figures within the accuracy of the measurements. The device
model has been successfully tested on various NbN HEBs with different geometries
ranging from 120nm x 11.tm to 400nm x 41im. More tests on NbN on a larger geometry
range and HEBs based on other materials have to be done to yield conclusive results
about the overall model quality.

Model Parameters
Parameter
A

Description
Film cross section

Value used for model calculation
A = D .W

a Transmissivity of the s-n interface due to leaky
Andreev reflection

a`7,,,' 0.02 typical

B RF antenna bandwidth B = 500Gth
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CE Electron thermal capacity Ws
C

at Tc,,,E =1600

m' K
CI HEB resistance change due to a small current change

at IF _ R
N

exo.
2LeV ai0 PL0.--0011St ,V=const

Cr, HEB resistance change due to a small change of the
FX heating power at IF

R ax 0c _ N

v=const,i=const

•
'1 — 21, apr,,-

C v HEB resistance change due to a small voltage change
at IF

R a 
0C= N -V

21, . I 0 Ov
PLo=const ,i =const

D Film thickness D = 354

S Phonon to electron efficiency ratio 5 ,̂ii 0.2

A(T) Quasiparticle bandgap as a function of quasiparticle
temperature

A0 Quasiparticie bandgap extrapolated to OK A 0 = MGM;

G Conversion gain of the BEB

7 Exponent in the temperature dependence of the
critical current , obtained by best fit to Ginzburg-
Landau expression

r = 0.408

h Planck's constant

1-0
Bias current (DC) across the IIEB bridge

T _ V0
' o — RB

1 Small signal current (IF) across the HEB bridge

3 C (T, x) Local critical current density , function of
quasiparticle temperature

j,(0) Maximum critical current density at OK, related to
maximum critical current by division by bridge cross
section

1
160 pAI, ..---.. j, =

D -Kr

k Boltzmann's constant

2 Lateral thermal conductivity W
2 =

Km
il

eff
Lateral effective thermal conductivity across the s-n
boundary

2 . L HEB bridge length (Length between the pads ,
contact zone under the pads not taken into account)

L ---- 200nm

I' optics
Loss of the optics at room temperature L . 1.3optics

L optics 4K
Loss of the optics at cryogenic (substrate) temperature L =1.7

optics 4K

rn Exponent for the temperature dependence of phonon
escape

m = 4,0

n Exponent for the temperature dependence of electron-
phonon interaction

n _= 3.6

V RF frequency - v = 1600GH:

PD
Power leaving the hot spot by electron diffusion

PIF
Power absorbed by the HEB at the intermediate
frequency

I), Power delivered to the load at IF

PLO
Local oscillator power absorbed by the IIEB variable
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, Power leaving the hot spot by phonon cooling

Ps
RF signal power absorbed by the HEB

r
B

Small signal HEB resistance change due to IF beating

R 
B

Resistance of the HEB in the operating point

RL
Load resistance RL = 50Q

RN Normal resistance of the HEB bridge (at 20K) RN = 65Q

R s
Antenna impedance (Real part) Rs = 100Q

Cr 
E

Electron-phonon cooling efficiency Ce
a E =

3.67'2.6Te_,, 
p

0
- 
p Phonon escape efficiency

P

re--->p
Electron- phonon interaction time constant 1

8GHz=

-r e--> p

"re, relax
Electron energy relaxation time constant I

5GHz=

re,rek.

T(x), T Local quasiparticle temperature

Tequillbintni
Hypothetic hot spot temperature, where heating and
cooling powers are equal

T, Critical temperature of the HEB bridge T = 8.5K,

Tc,efil Reduced critical temperature due to critical current
effects under current bias conditions

T
c ,effP'

Reduced critical temperature due to critical current
effects under voltage bias conditions

Thotspot
Hot spot temperature in a given operating point

1
1 
Th, Noise temperature constribution of the IF amplifier T = 7 K

Tin
Noise temperature at the input of the receiver, DSB
receiver noise temperature

p outi 
J

Noise temperature at the output of the mixer due to
thermal (Johnson/ Nyquist) noise

rlab Room temperature in the surrounding laboratory T — 292Klab

TP
Temperature of the phonons in the hot spot

7-= 
T

out Noise temperature at the output of the mixer due to
Quantum noise

Ts Substrate temperature under the HEB bridge T = 4.5Ks
T owL 

TF
Noise temperature at the output of the mixer due to
Thermal Fluctuation noise

V HEB bridge volume V = D . W - L
v Small signal voltage (IF) across the HEB bridge

Vo
Bias voltage (DC) across the HEB bridge variable

2 . xo Length of the hot spot

W Film width W = 4pin

Table 1 : List of used parameters with their abbreviations and model values for the calclation presented in the paper
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over crystalline quartz
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We have developed and characterized waveguide phonon-cooled NbN Hot Electron

Bolometer (FMB) mixers fabricated from a 3-4 nrn thick NbN film deposited on a 200nm

thick MgO buffer layer over crystalline quartz. Double side band receiver noise

temperatures of 900-1050 K at 1.035 THz, and 1300-1400 K at 1.26 THz have been

measured at an intermediate frequency of 1.5 GHz. The intermediate frequency bandwidth,

measured at 0.8 THz LO frequency, is 3.2 GHz at the optimal bias point for low noise

receiver operation.

Introduction

Receivers with large intermediate frequency gain bandwidth are very important for

practical radio astronomy applications. This is especially true for the observation of distant

galaxies, where spectral linewidths are large. Furthermore, when a low power solid state

source is used in conjunction with a Martin-Puplett interferometer (MPI) to couple signal

and local oscillator (LO) to the mixer, it is desirable to operate at relatively high

intermediate frequency (IF) to maximize the usable IF bandwidth.

In the past decade the hot-electron bolometric (FIEB) mixer has emerged as the

mixer of choice for low noise heterodyne receivers operating above 1 THz. 1.2 The strong

need for sensitive, broadband receivers operating at THz frequencies for ground based, air-
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and space borne observatories, has helped to stimulate the development of EIEB mixers,

and rapid progress in their development has been made. 12'3

Quasioptical NbN HEB mixers integrated with a planar antenna typically employ

Si, MgO, or sapphire, as the substrate material. Using a thin 3 nrn thick NbN film these

mixers exhibit high critical temperature 9-11 K, and relatively good acoustic transparency

to the substrate. 3 '4 As a result, wide IF bandwidths, up to 5 GHz have been reported.5

However, it is considerably more difficult to optimally couple the emergent beam of the

planar antennas to a telescope than to couple that from a scalar feed, typical of waveguide-

based mixer.

Due primarily to its low dielectric constant, and ease of 'processing and handling,

traditional waveguide-based TFIz mixers employ quartz as the substrate of choice.

However, for phonon-cooled NbN HEB mixers made from 3-4 nrn NbN film deposited

directly on crystalline quartz, the IF bandwidth is limited to about 2 GHz.2

It has been established that in NbN HEB mixers the electron energy relaxes through

interaction with phonons that escape from the film to the substrate. Consequently, the IF

bandwidth is a function of film parameters, the thickness d, critical temperature Tc, and

acoustic match, a, between film and substrate. In the past few years a systematic study of

phonon-cooled HEB elements based on film deposited on silicon and sapphire substrates,

has shown that phonon escape time ( r) is equal to 12d ps/nm,
4
 and for MgO substrates a\-esc

phonon escape time of 6d psi= has been established.6

In order to increase the IT bandwidth of waveguide-based NEB mixers, we have

investigated the use a buffer layer which may improve the acoustic match between the NbN

film and the crystalline quartz substrate. Since MgO has the same crystalline structure as

the NbN film, 7 a number groups have reported on the use of MgO as a buffer layer for Si,

sapphire," and quartz l ° substrates. The introduction of a MgO buffer layer could

potentially improve the acoustic match between the film and substrate material and then

reduce r-esc d/ a. In this paper, we report on the experimental results of sensitivity and IF

bandwidth of NbN based HEB waveguide mixers with MgO buffer layers.
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The mixers elements and experimental setup

In our experiments we used mixer elements made from high purity 3-4 nm thick

NbN film. The NbN films are deposited using reactive magnetron sputtering in an argon-

nitrogen gas mixture on a 200 nm thick MgO buffer layer deposited on top of a z-cut

crystalline quartz substrate. The critical temperature (TO of these films is about 8 K and the

transition width is about 0.8 K. The films are patterned by optical and e-beam lithography

to give 1-2 pm wide single bolometric elements. The 80-150 nm long mixer elements are

formed across two overlaid Au-Ti electrodes, which also act as coupling antennas to the

waveguide. After deposition, the wafer is first diced into small blocks about 5 mm square,

which are then lapped and polished to a thickness of 30 pm for 0.6-0.8 THz operation, and

23 pm for 1-126 THz operation. The blocks are then diced into individual HEB mixer

chips: 120 pm wide x 2000 flin long and 90 pm widex15001.1M long for 0.6-0.8 THz and

1-1.26 THz operation respectively. We have tested devices with normal-state resistance,

RN, between 80 and 170 C2, and critical currents between 110 and 160 IAA.

For tests, the individual mixer chips are mounted into a suspended microstrip

channel across a reduced-height waveguide mixer block. The block is installed in a liquid

helium dewar and signal input to the mixer provides via a corrugated waveguide feed horn

and a 90' off-axis parabolic mirror.

For our measurements we are able to provide sufficient LO power using a solid-

state LO units, which generally consist of a Gunn oscillator followed by two stages of

frequency multiplication. These units allow us to make measurements continuously from

1.017 to 1.035 THz and at 1.267 THz, and deliver 5-7 pVV and 21AW respectively. The

beam from the LO assembly is collimated using a 90
0
 off-axis parabolic mirror, a MPI

positioned in front of the cryostat window is used to combine signal and LO at the cryostat

input.

DC bias is applied to the mixer via the third port of a circulator inserted between the

mixer and a low noise cryogenic HEMT amplifier. After a second stage of room

temperature amplification, the IF signal passes through a 100 MHz wide bandpass filter,
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Fig.1 The I-V curves of the HEB mixer at the operating point with and without LO

drive at 1.035 THz Also shown is the IF output power in response to hot (295K) and

cold (77K) loads placed at the receiver input. The optimal bias point is shown by the

open circle, and the measured Y factor is 1.2.

centered at 1.5 GHz, to a calibrated power meter which is used to measure the IF power

output.

Experimental results and discussion

The current-voltage characteristics of one of the devices with and without LO power

at 1.035 THz are shown in Fig. 1, the receiver output in response to hot and cold loads is

also shown. Optimal sensitivity is achieved at a bias voltage of 0.7 mV and a bias current of

23 tiA. At this operating point the measured receiver noise temperature is about 1000 K,

and the conversion efficiency is estimated to be -14 dB. From the figure we see that the

noise performance and the mixer conversion efficiency go down strongly towards higher

bias voltage. In our measurements the mixer was not influenced by direct detection: the

bias current change in passing from a cold to an ambient input was less than 0.2%. The
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Fig.2. Spectral response of the liEB mixer measured by FTS in direct detection mode

(solid curve) and heterodyne mode using Y-factor method (triangle points) as a function

of frequency.

receiver also demonstrates reasonable amplitude stability, and output power fluctuations are

less than 2% over a 15 min time interval.

In addition to heterodyne measurements, we have also used the Fourier Transform

Spectrometer (FTS) to measure the spectral response of the same mixer. In this case the

mixer was operated as a direct detector at an elevated bath temperature. The operating bias

point was set at the same as for heterodyne operation, even though the general shape of the

response was found to depend only weakly on the bias point. The FTS response is shown in

Fig.2, solid line. From the graph we estimate that the input bandwidth is about 400 GHz.

The dip around 1.15 THz might be explained by a strong atmosphere water absorption line.

Other mixers have been measured using the FTS, they all demonstrate a similar bandwidth,

however the center frequency shifts, by —10%, depending on the length of backshort and

the detailed layout of IF filter. The measured Y-factor from heterodyne measurements, as

function of LO frequency, is also shown in Fig.2. There is reasonable correlation between

the direct and heterodyne responses. For example, in general the measured receiver noise
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Intermediate Frequency, GHz

Fig.3. IF bandwidth measurements at ftio =0.8 THz for different bias voltage operating

points at constant LO power level. Optimal noise performance is obtained at 0.7 mV bias.

Data points are fitted to the curve 1/[1±(fw/f3dB) 2
 ]  Arrows indicate 13dB for the different

curves.

temperature is approximately 1K/GHz, which is comparable to that of HEB mixers, which

are based on NbN film directly deposited on crystalline quartz. 2 The measured Y-factor at

1.26 THz LO frequency was 1.16, which corresponds to noise temperature of about

1300K.

IT bandwidth measurements have been performed at an LO frequency (f Lo) of

around 0.8 THz. The receiver output as function of IF for one of the mixers is displayed in

Fig.3. The experimental data are fitted to 1/[1+(k/f3dB)2], where 13dB is the 3dB cut-off

frequency. At the optimal bias setting for low noise performance, 0.7 mV, f3dB is about

3.2 GHz (curve 1). This is significantly higher than the IF bandwidth of HEB mixers with

no buffer layer. 2 Curves 2 and 3 are from measurements at bias voltages of 1.4 and 2.8 mV

respectively, with the same LO power as at 0.7 mV bias. At high bias, 2.8 mV, the fitted

f3dB strongly increased up to 8.8 GHz, confirming results reported by others groups. 3'11

Although high IF bandwidth can be obtained at high bias voltage figs. 1 and 3 clearly
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demonstrate that this is obtained at the expense of noise performance and conversion

efficiency. Furthermore, there is a fundamental instantaneous bandwidth limit, which is set

by the electron-phonon interaction time re-ph, which has been measured for thin NbN films
1as 12

t e_ ph = 500 . 71-1 ` 6 [ps],

where T is physical temperature in Kelvin. At Tc=8 K, this equation yields re ..ph - 18 ps

which corresponds to 3dB cut-off frequency of about 9 GHz. If thin NbN films can be

made with I', approaching the bulk value then it may be possible to have low noise

heterodyne operation with instantaneous bandwidth in excess of 20 GHz using NbN thin

film technology.

In conclusion, the employment of a MgO buffer layer has allowed us to increase the

IF bandwidth of NbN waveguide HEB mixers without degrading their noise performance.

Specifically, we have extended the IF bandwidth of our NbN HEB mixers to 3.2 GHz.
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Abstract

In this paper we discuss the quantum limit of bolometric mixer receivers. The importance of
the optics attenuation is emphasized. Based on a simple bolometer model we predict that the
system and receiver quantum noise limits referred to the input of a double-sideband hot-
electron bolometer mixer receiver are, respectively, 2(h113) and 1 (hf/3). The quantum limit to
the DSB receiver noise temperature is hf/2k, in agreement with what has previously often
been assumed. We suggest that an image-rejection single-sideband version of the HEB mixer
would have a system quantum noise limit of WO). We also suggest that at a frequency of
several THz the quantum noise may indeed be responsible for about half the total receiver
noise temperature in a typical HEB receiver system.

1. Introduction

Quantum noise is the well-known ultimate limiting noise of any receiver system and has been
treated by many authors [1, 2, 3, 4, 5]. Essentially, a perfect receiver will at the output show
fluctuations even if the input is just terminated by a matched load at zero Kelvin. Referred to
the receiver input, this output noise power fluctuation is equal to (103). Of course, quantum
noise is of particular importance at THz frequencies. For example, the minimum quantum
noise power corresponds to a noise temperature of 48 K at 1 THz.

In this paper we discuss how to analyze the noise performance (including quantum noise) of
a THz receiver, which has optical coupling losses, as well as a lossy circuit between the
antenna and a Hot-Electron Bolometer (HEB) mixer. Experimental HEB mixer receivers
have been described as having total DSB receiver noise temperatures of the order of ten to
twenty times the quantum noise limit, defined as hf/2k (see e.g. [6,7]). Using a simple model
we predict in this paper that at the higher THz frequencies (about 5 THz) as much as one
half of the receiver noise temperature may be traced to the quantum noise.

2. Quantum noise from the input circuit

The total noise power from a matched load including the quantum-noise equivalent power
according to Callen-Welton [1] is
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hfl3  103 hfB
Pc = P (T

2 Planck )+ 2

Referring to Fig 1, this is the noise "power" from a source delivered to a matched load.
Notice that even if To=0, the source will radiate a noise power of (hfB)I2. Since this power
will be radiated as well by the load at zero Kelvin this means that the quantum noise part,
(10)12, cannot be extracted as a real power [3]

hf
exp

kTo

(1)

Rsoture

source

Pc,(1)

(TcW loa

R =Rload source

load

Source Load

Fig. 1. Noise from a matched load (i.e. "Source") according to Callen-Welton [1]

The noise power of Eq. (1) can be transformed into an equivalent noise temperature

However, it is most convenient to perform our calculations in terms of noise power, and
then convert this to noise temperature as the final step.

3. System noise vs Receiver noise

In order to analyze the bolometer mixer receiver, we have to make clear the difference
between System (Tsysd, Receiver (TRed, Mixer (Tmixer) and IF amplifier (TIE) noise (see Fig.
2).

In the System noise is included the noise power from the source (Rome), which is
[PPlancic( Tsource)

+hfB/2] at each sideband. Concerning the minimum System noise
temperature for a mixer receiver, references [2,3,5] are in agreement with the following
statements:

For a linear amplifier and for a mixer used in SSB measurements, using either SSB or DSB
receivers, the minimum system noise temperature is hflk.
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For broadband continuum measurements using a DSB receiver the minimum (DSB) system
noise temperature is hf/21c.

The Receiver noise does not include the noise from the source. It does, however, include
noise from the optics, the mixer and the IF amplifier. The mixer noise is generated in the
bolometer at both RF and IF. Until now only the contribution from the IF side (Johnson
noise and thermal fluctuation noise) has been included as shown in all standard treatments of
HEB noise [8,9].

SYSTEM

Fig. 2. Definition of Mixer, Receiver, and System.

4. The noise introduced by the optical losses

To analyze the noise from the optics we first consider one channel only (upper or lower
sideband). The optics circuit is represented by a two-port matched to both the antenna and
to the receiver (Fig. 3). We will now let the "Load" in Figure 1 represent one sideband of
the mixer; specifically the mixer terminals are the terminals of an antenna, which couples the
input optics quasi-optically to the mixer. The optical circuit introduces an attenuation Loptics

and has the physical temperature Topti„. If 77,50 ,,,,,=Toptics the noise power transmitted to the
mixer (Pin ) must then be identical to • the noise power Pcp(TSource) from the source. The
situation is described in Fig. 3

Fig. 3 A simplified model circuit for a THz mixer receiver, one sidebancl.
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Next consider T source? T opti„. Then referring to Eq. (3) below, the contribution to Pin from the
source is Pcs,°,",fre (T

.3 0111"Ce

) 
1 /L015 

whereas the contribution from the lossy two-port must
be p cres (Tyoptics.

) (1— 11/100,). Adding these, we have:

1
= 

P
Planck( ource

)
	+ PPlarick(Toptics)

optics

1  +
L 

optics j 2

As expected, the ideal receiver still receives the same quantum noise equivalent power of
(hIB)12 Adding noise power from the "load" itself, P Load (including all mixer and IF
contributions) the total noise power entering the "load" is:

1 hfB
Ptotal,in = 

—
7- PPlanelf(Tsource)+ 

P
Planck(

T
optics) (

L
optics 

—
0

+ L
optics Loptics PLoad14)

optics

The noise power within the parenthesis [ is the total noise power referred to the source.
To determine the receiver noise referred to the source, we measure the Y-factor in the
ordinary way by using two physical temperatures of the source, THot and r Cold

.
 The Y-factor

is measured as
p Hot

Y
kital=

pCold

total,in

where

(5)

hfBD Hot Dp

total,in 1 Planek(
T

 Hot )
D 

Planck(
T

optics) • (Loptics2

and

ir hfB
I 
optics — 1

.
 

.
2
 4- Loptics Load• P (6)

DCold jo h.fB
total,in Planck(TCold + + PPlanck.(Toptics)2

(L 0pfics -1)+ (1,0pfic5 —1)- 
122- + Lo P (7)

2 piles Load

We obtain the receiver noise temperature as

1,r , P 
_, hfB \ f

T
Rec = 

P
Plarickk

T
o tics) + — • k

il
o tics 

—1)+ Lop tics • PLoad2 ., P \

1 T Hot — y TCold

. .
OF CIF 

kB y I

, the quantum noiseIf there is no attenuation in the coupling circuit, i. e. ',optics=

contribution to the receiver noise temperature

PQN,Rec = optic's -
hfB

2 (9)

disappears. This term includes only the quantum noise (QN) contribution from the optics
and not the QN from the source (hot and cold loads). In reference [4] it is argued that the
QN should be referred to the source and not to the receiver. However, in this case when
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optics losses are part of the receiver we need the QN contribution from the optics according
to Eq. (9) in order to meet the requirement that the "receiver" should see a matched source
emitting QN of (hf13)/2. So far we have also not considered the QN from the bolometer
itself

5. RF noise from the bolometer

Let us first try analyzing RF noise generated in the bolometer itself. The device in the hot-
electron bolometer (HEB) mixer is essentially a temperature dependent resistance, which
should add noise not only at the IF, which has normally been assumed, but also at the input
frequency.

Since we assume that the RE frequency is well above the superconducting bandgap
frequency in the entire bolometer, the bolorneter should appear uniformly resistive to the
power. However, the IF resistance change for a small change in RE absorption is not
necessarily the same along the bridge. In Fig 3 an approximate model accounting for such a
situation is described by two resistances (compare Merkel et al [10]) Rp represents the
passive RE resistance zones of the bolometer, and RA the zones, which are actively
converting RE power to IF power. We expect that we can use Eq. (1) to predict the amount
of RE noise produced by any part of the bolometer. Only the active zones of the bolometer
convert RE power (including noise power) to the IF, however, and we must therefore
consider the active and the passive zones separately in our noise analysis. The passive zones
are not only the central Hot-Spot zone, but also the zones between the hot-spot and the
contacts that are superconducting and have essentially zero resistance at lower frequencies.
The active zones are located at the transition from the central hotspot to the "low
frequency" superconducting regions. Adding these two resistances together we get
Rp+RA=RN,i. e. the normal resistance of the device.

Fig 4 Equivalent circuit of a receiver including noise sources of Rp and R. the
noise contribution from RA, see the text below.
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Referring to Fig. 4, noise currents are obtained as

* R = PCtf (TS) .

=

2
R P(7)(is 

2

2
(10)

where P cw( 5) etc. are the Callen-Welton noise powers according to Eq.(1). The thermal
noise generated by RA and dissipated in RA is calculated by dividing RA into a large number of
series coupled elements ARA = R

A
 ) which each contribute the same amount of noise/ARA 

current • 8 in the circuit viz.A

2

The currents is, ip and all the (8i4 2 are completely uncorrelated. The noise current iA,s

generated in the circuit by is and consequently also in the active part of the bolometer, RA, is
determined from

2

.2 .2 Rs
1

A 
= is •

+ Rp + RA

A similar noise current contribution is obtained from Rp as well as from RA (the latter
obtained as a summation of all contributions from ARA). Each resistance in Fig. 4
contributes to the total noise current in the circuit and delivers noise power to RA. Any
signal from the antenna, which reaches the active zone of the bolorneter, will mix with noise
in the active zone. In particular, the local oscillator signal will mix with the RF-noise and
produce noise power at the IF output.

We obtain the total noise power dissipated in RA as

44
or,A 2 [Pciv (Ts )• Rs + .13cw(T p )* Rp Pcw(TA ) • RA I (13)

(Rs + RA +R)

Considering that the bolometer mixer has two sidebands (Fig. 2) we notice that Eq. (13)
applies to each sideband separately. It can be pointed out that Eq. (13) can also be derived
using resistances in series with voltage noise sources v 2 = 4R- Pot , , with the same result.

Let us investigate the case when the bolometer is matched at the RE, i. e. We
obtain

D R A + p (T R RA (14)A 
Ptot,A = (7" 

RsRA P
S * + CW TP )

Rs 	Rs-
cw A 2

Rs

which for the quantum noise part yields

\2
jA

= PCW(TA) (11)

(12)
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Referring this noise to the bolorneter input terminals,
obtain

P = hfB,in

RA
(15)

Rs

e multiply (15) by Rs 
/RA 

and

(16)

for each sideband.

Notice that the quantum noise contribution according to Eq. (16) is hfl3 and not (03)/2.
The reason is that the bolometer resistance(s) contribute with (h1B)12 and the source another
(10)12.

We conclude that in this model the bolometer itself contributes to the receiver RF-noise with

POT' (Tc) 'Planck(c)
+ (hf13) 1 2 ( hil3) /2 (17)

in one sidebanci. In (17) we have introduced the physical temperature of the bolometer,
which is close to T„ the critical temperature of the superconductor. At THz frequencies and

c=1OK Ppk7nek(71.) can be neglected.

It is reasonable to assume that there is no correlation of the noise in the two sidebands what
so ever. Hence the noise to be downconverted from RF to IF originates from the two
sidebands and thus is twice the noise we have considered so far. In this matched case the
total QN at the bolometer input is 2VB. This noise is to be added to the noise of the mixer,
i. e. at the input of the bolometer we have,

T SSB 
2

TSSB ( out
Sys t conv.loss

hf
rnlixer TIF) (18)

where L JOSS
is the internal SSB conversion loss of the bolometer, i. e. the loss counted

from the bolometer input terminals to the IF output. Tzt, (mixer) represents the noise output
power from the mixer, which is due to Johnson noise and thermal fluctuation noise, and
originates in the bolometer itself. Further, TIE is the noise temperature of the IF amplifier.

Since half of 2hflic comes from the bolometer itself and the other half from the source, we
have

TRe, = L
10SS 

(7, out
F)

SSB hf SSB
C0111'. A mixer 1 I

(19)

The DSB noise temperature becomes half of the SSB noise temperature.

Adding the influence of the optics attenuation, which is assumed the same for both
sidebands, and referring the noise temperature to the input of the optics, we get

Rec
DSB

T " optics -1--/conv Joss2 k

1( hf SSB (7, out
1 inixer 1 IF

(L01. 1).
Planck

optic S'

hf
2k (20)

Since each sideband produces the same amount of noise power, the double sideband noise
temperature becomes half the single sideband noise temperature.  The SSB noise
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temperature is again twice the DSB noise temperature. Adding the two quantum noise
terms, we can write (20) as

T

DSB (T.

Ree = V-Iopties 1) . (T4;;Z:k — ±)4- -1-1opties — • — L * 1 -z-- loss' conv. •
\ ( T. 1 hf

optics -, (
T SSB (Tmoixit et r + TIT, ))(21)

2 k, k j 2,

6. Comparison with experimental noise measurements

In a typical system, some optical losses are at roughly room temperature ("Ccs "), and

p‘ 4:te,1 ") *some at 4 K 
C L i

Then we find,

SSB

TR-
1
, = (t, T
SB 300K —1 ) , 300K 300K ' -

1 
hf

op. Planck + L optics'op' tics
—

 —
/ - 4 A. / out Le con2Kloss r 3 p00K. r 4

,' 
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-
 

es— ± k,T . er ± T )nvx IF -(--Io ti -
4
-

1
° =

2 k (22)

= T3°I.C.)K ± TON + TReednixer

77:::ck is the "Planck Temperature" of the optics. At low frequencies, this is simply the
physical temperature (300 K or 295 K), but at THz frequencies we use the Planck formula
to find the actual "Planck noise power and equate that to krZckB. We can neglect the
Planck Temperature for components at 4K.

In an experiment performed by the Chalmers group at 1.6 THz [11], it was estimated that
L3

07:„,, due to a mylar beam splitter and a polyethylene window was 1.1. Losses at 4 K due to

a Zitex thermal filter, the silicon lens (with a parylene matching layer), and the antenna were
RIestimated to be 1.33. The total optical loss was thus 1.44. For this mixer the measured T

B

was 800 K . It was also estimated that T: e
t
 r = 54 K, TF = 6 K, and ec

s
o
B
nv. loss 

= 12.4 dB, by
calibrating the IF system through further measurements in which the HEB device was
brought to the superconducting state (a standard method). The bolometer was close to being
matched to the antenna impedance. Here, 

LCSoBnvloss 
'includes all loss effects (SSB) in the HEBS . 

from the THz antenna terminals to the IF terminals. We can now estimate all three terms in
Eq. (22)

TR? = 40 K + 70 K + 690 K = 800 K (23)

We then see that even at such a moderately high frequency as 1.6 THz, about 14 ')/0 of the
receiver noise temperature is due to the optical loss at 300 K T300K,,) plus the quantumoptics
noise (TQN). The part of the receiver noise temperature traceable to the QN is about 9 % of
the total receiver noise temperature. Note that without this more careful analysis of the QN
term, a typical statement would have been "the quantum noise limited noise temperature at
1.6 THz is hf/2k = 38 K, or about 5 % of the total receiver noise temperature".

The fraction of the receiver noise temperature due to QN is expected to become greater as
the frequency is increased, as we will show below. In estimating the receiver noise
temperature at higher frequencies, we make the following assumptions:

1) The optical losses increase linearly with frequency
2) The intrinsic conversion loss does not depend on the frequency

80



,51.200

45o0

clo

::: CifjC11,-

I. 2500 I-,

fn.
51..)0

1000 Trar',1

g;tif)

0
61:

FRE LIEN CY 11 7

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

3) The mixer output noise temperature does not depend on the frequency

Assumption 1) agrees with estimates in [9] and [10]. Assumption 2) is reasonable based on
our present knowledge of HEI3 models, but has not been carefully tested in experiments. It
can be tested through direct conversion loss measurements, which we are planning to
perform with two laser sources and/or a laser LO and a sideband generator. Assumption 3)
has been verified in at least a few experiments [7,11] and appears to be true for typical NbN
HEB mixers.

RDFigure 5 now shows calculations of 
T: 

for a matched HEB mixer as a function of
frequency up to 10 THz, based on an extrapolation of our measured data at 1.6 THz, and
using the above three assumptions. The calculated curve is reasonably consistent with other
measured data on the same device at 2.52 THz 

(TB= 
1,500 K [1 1]). The top curve is the

total receiver noise temperature, the next one down the QN term (term TQN in Eq. (22), and
the smallest term the noise due to optical losses at room temperature (term T op

3rK, in Eq.

(22)). Note that the QN term rises much faster with frequency than the room
temperature optics loss term, and that it approaches 50 % of the total receiver noise
temperature.

Fig. 5. DSB receiver noise temperature and the contributions from optics and quantum
noise.

The question naturally arises: Can we distinguish the two main terms TOY and TRec,anxer

through experimental measurements? There is a fundamental difficulty with doing this due to
the fact that both terms depend on the optical losses in almost the same way; the minor
difference being that a factor of 1/2 is subtracted from the optical losses in the QN case. It
would be important to attempt to measure 1,,S,S,Bvi01, at different LO frequencies
independently, in order to determine the relative size of TON and TRecdnimr• The RF power
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from a sideband or laser source actually absorbed in the bolometer can be measured by the
isothermal method, and together with a measurement of the IF power will yield the
conversion loss based on absorbed power. There is a difference between the absorbed RF
power in the bolometer, and the power delivered to the bolometer terminals, however, as is
clear from the earlier discussion and the equivalent circuit we have assumed (see Figure 4).
The above measurement therefore does not yield Ls

c,oSi
B
mioss as used in our receiver noise

temperature calculations. Measuring the conversion loss based on absorbed power at
different LO frequencies would still allow us to test the important assumption 2) above, if
one assumes that Rp/RA does not vary with frequency. An absolute conversion loss
measurement requires calibrating the RE power which reaches the bolometer terminals. This
test is more difficult to perform accurately, but should also be attempted. It will also yield
data on the frequency-dependence of the optical losses.

7. Discussion and Conclusion

We have analyzed the contribution of quantum noise to the system and receiver noise
temperatures of THz HEB mixer receivers. The basic model we propose, and the corner
stone of our analysis, is that HEB devices appear uniformly resistive to the THz radiation,
once the radiation frequency is above the superconducting bandgap frequency. It then
appears that the Callen-Welton version of the fluctuation dissipation theorem [1] is sufficient
to describe the quantum noise aspects of the bolometer. The quantum noise in the bolometer
resulting from the input source (the "vacuum fluctuations"), and the bolometer itself, is
down-converted to the IF. No further noise sources are assumed on the RF side of the
bolometer, or for the actual down-conversion process. These assumptions appear similar to
those made by Kerr et al. [3]. Specifically, these authors discuss quantum noise in SIS
mixers, with contributions from (1) the input source (Rs in our paper), and (2) the quantized
shot noise in the SIS junction, which is down-converted to the IF. No further quantum noise
due to the down-conversion process is assumed. Since our present understanding of PHEB
models has led to the conclusion that the bolometer has a substantial passive zone, as well as
an active, frequency-converting zone, we have analyzed how noise contributions from these
different zones contribute to the total noise. We find that the division of the bolometer into
one active and one passive part does not affect the contributions of Planck and quantum
noise from the bolometer, rather, it is the total resistance RB that matters. Of course, the
ratio RA/RB affects the conversion loss LS

co
S 

joss and therefore the receiver noise contributions
related to r_ " I 

inzxer and Tip' [10]. We have also used the Callen-Welton theorem to analyze the
contributions to the receiver noise temperature from the optical components preceding a
quasi-optically coupled bolometer. The overall conclusion is that, given the present level of
performance of THz HEB receivers, we predict that close to 50 % of the total receiver noise
temperature may be traced to quantum noise phenomena, for frequencies in the 5-10 THz
range. This represents a larger fraction of the total noise than has previously been claimed.

82



Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

The first two terms in (22) also have an effect on receiver noise bandwidth measurements,
an estimated increase of about 17 % at a frequency of 5 THz, and an increase of 30 % at 10
THz, compared with the lowest THz frequencies.

Quantum noise analyses of receivers have either been carried out for a general "linear
amplifier" [2] or for specific types of receivers, such as SIS mixers [3,4,5], maser and laser
amplifiers [12], or photo-diode mixers [13,14]. Our analysis is of yet another specific type of
receiver, and the question again arises: do the results obtained in this specific case violate
limitations derived for linear amplifiers in Caves' extended sense, which also includes mixers.
Caves concludes that a linear amplifier amplifies the input hfB12 QN from the source and
adds another contribution hfBI2 referred to its input, leaving us with a total of hf73 as the
system quantum noise limit. The other papers mentioned above agree with this conclusion
regarding the minimum system noise. In the matched bolometer case, we predict 2(hfB) as 
the QN limit. The extra factor of two is due to the fact that both sidebands contribute to the
noise independently. We can draw the conclusion that the general system quantum noise
limit can be interpreted to be hfB per independent channel. The specific cases of the (two-
channel) SIS mixer and the photo-diode mixer yield the lower limit of 1(hfB) due to
cancellation of the shot-noise contributions from the two sidebands (i.e. the two channels are
not independent in this case). We propose that it may be possible to design an HEB mixer
with the same lower QN limit of 1(h113) by configuring it as an image rejecting mixer, which
allows only one sideband to convert RF to the IF. The analysis of QN in an image-rejection
SIS mixer by Kerr et al. [3] also finds a minimum total QN at the input of 1 (hfB).

It is possible that some further QN source has been overlooked in the model used in this
paper. A system noise less than 1(hfB) seems to result when analyzing an unmatched
bolometer in an image reject mixer in the same way as suggested in this paper. This
(potential) disagreement with the accepted general limit for linear amplifiers (and mixers) of
1(hfB) due to Caves mainly represents a theoretical point unless the performance of HEB
mixers in terms of intrinsic mixer noise improves very substantially, however. We may also
note that all other receivers analyzed in terms of QN so far have been matched to the input
source. If the down-conversion process is also required to produce hfB/2 of QN, then the
above (potential) disagreement with Caves disappears. If an additional noise contribution
due to the down-conversion process exists, our results underestimate the total QN. This
may therefore be a hypothesis which can be tested experimentally more easily, since it
increases the coefficient in front of the QN term. Further investigation will be necessary in
order to prove or disprove this and other assumptions we have made in our analysis.
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We present a broadband and low noise heterodyne receiver for 1.4-1.7 THz
designed for the Hershel Space Observatory. A phonon- cooled NbN HEB mixer was
integrated with a normal metal double- slot antenna and an elliptical silicon lens. DSB
receiver noise temperature Tr was measured from 1 GHz through 8GHz intermediate
frequency band with 50 MHz instantaneous bandwidth. At 4.2 K bath temperature and
at 1.6 THz LO frequency Tr is 800 K with the receiver noise bandwidth of 5 GHz.
While at 2 K bath temperature Tr was as low as 700 K. At 0.6 THz and 1.1 THz a
spiral antenna integrated NbN HEB mixer showed the receiver noise temperature
500 K and 800 K, though no antireflection coating was used in this case. Tr of 1100 K
was achieved at 2.5 THz while the receiver noise bandwidth was 4 GHz.

1. Introduction

Extension of radio astronomical observations above 1 THz has happened
during the last years. It was motivated by the big progress in the areas of both mixers
and local oscillators. A number of ground based, such as TREND (1.5 THz, South
Pole), air- and space born (SOFIA, Herschel) observatories are now under
construction. For these applications the main orientation is made on hot electron
bolometer (HEB) mixers [1, 2]. An operation of these types of mixers up to 5 THz
was experimentally shown in references [3]. Both quasi- optically, QO, (planar
antenna integrated) and wave- guide, WG, (feed horn with a fixed tuned or tunable
mixer block) coupled receivers designs were used by different groups [4]. Due to the
relative technological simplicity of the lithographical fabrication technique, QO HEB
receivers have been quoted much more often in the literature. However, certain
advantages are associated with WG type of receivers. The radiation mode purity and
probably (however, no experimental evidence has been obtained, to our knowledge)
beam pattern quality are among of them.
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Two types of HEB mixers are distinguished. First, phonon-cooled HEB mixers
(NbN and NbTiN superconducting films based), where the hot electrons are cooled
via inelastic scattering by phonons and consecutive hot phonons escape into the
substrate. For thin NbN films the electron- phonon scattering time was measured to be
about 10 ps at 10 K and the temperature dependence Te_ph oc 

916
 observed [5].

The escape time depends on film thickness (d) and acoustic transparency (a) of the
film-substrate interface, t escocclia. The detailed investigation of the NbN HEB mixers
gain bandwidth for the wide range of NbN film thickness has been done in [6].
T

esc
=12d was estimated for silicon and sapphire substrates, where i in ps and d is

urn. While Tesc=bd 
was found for MgO substrates [7]. For 3.5 nm thick NbN film the

gain bandwidth of 3.5-4.5 GHz was found in the minimum mixer no  temperature

-esc _i s 

bias point. Extension of the gain bandwidth up to 7-9 GHz has been observed for NbN
HEB mixers at higher bias voltages, however the noise temperature increases in this
case. Gain bandwidth of 2-2.5 GHz was measured for NbN REB mixers on quartz
substrate, which are used for WG receivers. The choice of quartz is made due to the
relative small dielectric constant and ability to fabricate small and thin mixer chips for
integration into terahertz mixer blocks. Recently, the gain bandwidth of NbN HEB
mixers on quartz was extended up to 3.2 GHz by application a buffer layer of MgO
[8].

In short Nb bridges (less then 0.5 pm long) the electron out- diffusion from the
bolometer into the contact pads is the dominant cooling process for hot electrons. The

electron diffusion time is Tdiff 
c
)
c ri . For 0.1 m long bolometer the mixer gain

bandwidth as wide as 9 GHz was reported in reference [9]. Effect of the bias voltage
on the gain bandwidth, similar to the NbN HEB mixers, has been reported in
reference [10].

In this paper we report a quasioptical phonon- cooled NbN FMB mixer on
silicon substrates. The main purpose is the development of a low noise mixer for the
Herschel Space Observatory (Band 61,, 1.4-1.7 THz). We describe the technology
used for fabrication of the HEB mixers, receiver noise temperature measurements in
the 1-8 GHz IF band for LO frequencies 0.6 THz, 1.1 THz, 1.6 THz and 2.5 THz.
FTS measurements of a double slot antenna integrated NbN HEB mixer is also
presented.

2. Sample description and set- up.

NbN film was deposited on high resistive silicon ( �3000 Ohm, 100- crystal
orientation) substrates by de reactive magnetron sputtering [6]. The substrate
temperature during deposition was 850°C and the background pressure was
3x10 -6 mbar. The Ar pressure was 9x10 -3mbar and N pressure was 2x10-4mbar. The
discharge current was 300 mA what provided the deposition rate of 0.45 nrn/sec. For
3.5 nm thick films the sheet resistance was 400-500 Ohm/sqr, Tc=8.5-10 K. The gold
antenna structure (either double- slot or logarithmic spiral) was made in 4 steps of e-
beam lithography plus lift- off. The NbN film etching was done by the Ar ion- milling
(400 V, 200 mA). The double- slot antenna integrated FIEB mixer is shown in Fig. 1.
The bolometer size was 4 gm wide and 0.41im long.

For the mixer noise characterization, the standard Y-factor technique was
used. The mixer was attached to the back side of 12 mm elliptical silicon lens. The
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mixer block, bias- T, isolator and IF amplifier were mounted into a LHe vacuum
cryostat. The cryostat with 1-2 GHz IF chain has a Zitex G108 IR filter and HDPE
(1mm thick) window. The cryostat with 4-8 GHz IF chain has the Zitex G108 IR filter
and Teflon (1 mm thick) window. A tunable from 1 Gliz to 10 GHz Yig- filter with
30-50 MHz band was used after the room amplification stage. 12 m. Mylar beam
splitter was 20 cm away from the cryostat window. The measurements are done at
room conditions.

At 0.6 GHz and 1.1 THz two BWOs were used as LO sources, while at
1.6 THz and 2.5 THz an optically pumped FIR laser was applied.

The optimal LO power was dependent on the critical current and was at the
level of 150-250 nW. The bias voltage was set to 1 mV, where the maximum Y factor
was observed.

For the receiver noise temperature evaluation we used Callen- Wellton
formula of the noise power radiated by a black body. The physical temperature of the
hot and cold loads were 295 K and 77 K (LN).

Fig.2. Typical IV- curves of a 4x0.4mm2 NbN
HEB mixer. The marked area points the
minimum noise temperature bias points.

The double slot antenna (DSA) geometry was: the slot length is 0.3A-0, the slot
separation is 0.17X0, and the slot width is 0.022 0, where Xo is the free space wave
length of the middle of the antenna band. The coupling of the slots to the bolometer
occurs via a CPW line (4 gm center conductor with 2 gm slots). RF block filter in the
IF line contains 3 high impedance and 3 low impedance 114 X 0 sections (not shown in
the picture).

Two typical IV- curves at 4.2 K, one without and one with LO power, are
shown in Fig.2. The optimal bias point (marked in the figure) was chosen in terms of
the lowest mixer noise temperature and stability of the mixer output noise. The typical
bias voltage is about 1 mV for all 4 pm wide and 0.4 pm long bolometers. The bias
current in the optimal point depends on the mixer critical current (LO is off). For the
critical current in the limits 1901.1A to 400 p.A the optimal bias current is from 3011,A
to 50
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3. 1.6 THz receiver.

In this chapter we report on the NbN FMB mixer sensitivity at 1.6 THz LO
frequency, which is roughly in the middle of the Band 6L of the heterodyne
instrument of the Herschel Space Observatory. The choice of this frequency for the
test was made because of the availability of the strong laser generation line (LO
source). Tunable LO sources in this frequency band are still under investigation [11,
12].

A compact (envelope of 32x32x45mm 3), light- weight (<75 g) quasioptical
mixer block was designed (see Fig.3) , which contains a low noise filter circuitry,
ESD protection, IF readout, DC bias input.

However, the results presented here were obtained still with a prototype mixer
block, described in the Chapter 2.

An investigation of the coupling efficiency to double slot antenna integrated
Nb diffusion cooled HEB mixers has been reported in [13]. A discrepancy between
the center frequency calculated from the quasi-static approach and the measured one
was observed above 1 THz. The discrepancy increased towards higher frequencies.

Fig.3. 1.4-1.7 THz NbN HEB mixer for
the Herschel Space Observatory. The
complete structure is made of aluminum.
5 mm Si lens is visible on the front side.
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Fig.4. Direct response of 1.6 THz double-
slot antenna integrated NbN FMB mixer

However, there has not been any data reported about NbN HEB coupling to DSAs. In
Fig.4 (circles) we present a direct response of an NbN HEB mixer obtained with a
Fourier Transform Spectrometer (FTS). Details of the measurements are presented in
[14]. The antenna geometry used in the experiment is described in Chapter 2.
Impedance of each slot in the second resonance is 45 Ohm [15] and is transformed to
55+7j Ohm via the CPW line down to the bolometer, positioned in the middle
between the slots. The slots are connected in series with the bolometer. Therefore, the
antenna embedding impedance at the bolometer terminals is 114+14j Ohm. Since the
bolometer impedance is real (v>2A/h, where A is the superconducting energy of the
NbN film under the strong LO radiation) and is about 100 Ohm, the efficient radiation
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coupling occurs in a wide frequency range. Since the FTS measurements were carried
out in the air, the antenna response is strongly affected by the water vapor absorption.
Although vacuum measurements are necessary for correct antenna bandwidth
estimations, certain conclusions can be made from the existing data. First, the
atmosphere transmission of 30 cm path length have been calculated (22 °C, 30 %
humidity) with 70 GHz resolution (Fig.4, dashed line). Assuming the antenna
response spectrum to be parabolic (solid line), centered at 1.4 THz, and interpolating
it with the atmosphere transmission spectra, we obtain a good correspondence
between the resulted curve (triangles) and the measured one (circles). Then, 3 dB full
bandwidth can be estimated to be 1.1 THz, i.e. 80 %. At 1.3 THz the measured
response was not possible to approximate with a simple parabolic response of the
antenna. A possible reason of this distortion can be a more complicated HEB response
spectra then a simple parabola. For example, a secondary response peak at around
1 THz with a more sharp peak around 1.5 THz. More investigation is necessary to
clarify this issue.

Intermediate Frequency [ GHz

Fig.5 NbN HEB receiver DSB noise temperature at 1.6 THz LO frequency, from 3 GHz to
GHz.

The DSB receiver noise temperature was measured in the 3-8 GHz IF band.
The lowest Tr value in this band is 1450 K at 4.2 K bath temperature. 281/111 thick
Parylene was deposited onto the silicon lens as an antireflection coating [16]. The rise
of the noise temperature from 4 GHz to 8 GHz is caused by the decrease of the HEB
mixer gain. It has been shown at 600 GHz LO frequency, that the 3 dB gain roll- off
frequency for HEB mixers made of 3.5 nm NbN film on silicon substrate [6] is
3.5 GHz. It means, that at 4 GHz there is 3 dB loss more than at 1.5 GHz, where the
noise temperature of 700 K we have reported in the reference [16].

The HEB receiver noise bandwidth foN , which is defined as the intermediate
frequency where the receiver noise temperature increases twice from its value at low

IF, can be estimated as fog-=--- fo-
T,u,+ 

[17], where Tout=Tfl+Tj. Tfl and Tj are the
+ T„
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electron temperature fluctuation noise and Johnson noise contributions to the mixer
output noise, fo is 3 dB gain drop frequency, TIF is the noise temperature of the IF
chain. TIF is about 5-6 K. Using the Nyquist theorem one can show that Tj
approximately equals the electron temperature, which is close to T e [17]. From the
measured data for Tout (about 60 K [18]) one ends up with the ratio f0N/f0,----2 for these
HEB mixers. Therefore, the receiver noise temperature of 1500 K shall be expected at
around 7 GHz. However, from Fig.5 one can see that at 7GHz Tr is 3500 K, i.e. at
least twice higher of the expected value.

As it was described in Chapter 2, the cryostat window in the 3-8 GHz receiver
cryostat was Teflon, which is more lossy in the terahertz range than the HDPE
window, used in the 1-2 GHz receiver. However, about 2000 K of the rise of the noise
temperature (3500 K- 1500 K) can be explained only with L additional loss at 300
physical temperature: 300x(L-1)+ 1500 K x L=3500 K, i.e. L= 2.1 ( 3 dB) . 3 dB is a
significant increase of the input loss to be attributed just to the Teflon window.

Thus, does the HEB mixer gain bandwidth decrease as LO frequency growths?
The answer can be given only by direct gain bandwidth measurements at terahertz
frequencies.

4. Spiral antenna integrated NbN HEB receiver

A direct comparison of the NbN HEB mixer performance in wide both RF and
IF bands was done with a mixer, integrated with a logarithmic spiral antenna [19] on
silicon substrate. The SEM image of the sample is given in Fig. 6. RF bandwidth of
the spiral antennas in the terahertz range has been discussed in [20]. The upper and
the lower frequencies are determined by the inner and the outer cut- off radii of the
spiral. In our case it is about 10 1.1,M and 100 ilra correspondingly.

Fig. 6 SEM image of a logarithmic spiral
antenna integrated HEB mixer on silicon.
Dark area is the silicon surface, while the
gray area is the gold antenna structure.
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Fig.7. Direct response of the spiral antenna
integrated NbN HEB mixer (squares),
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between the FTS and the cryostat (solid),
simplified parabolic spiral antenna
response (dashed) and the interpolation of
the parabola with the atmosphere
transmission curve (crosses).
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Although spiral antennas have been extensively used with HEB mixers during
last years, to our knowledge there has been no experimental investigation done of
their input bandwidth. In Fig. 7 we present a direct response of the spiral antenna
integrated NbN HEB mixer from 0.5 THz to 3 THz obtained with a Fourier
Transform Spectrometer (FTS). As for the double slot antenna FTS measurements,
the response spectrum in Fig. 7 is modified by the water vapor absorption.
Approximating the spiral antenna response by a simple parabola (Fig.7, dashed line)
(the same as we did in Chapter 3), and by interpolating it with the atmosphere
transmission curve, we obtain a curve (Fig.7, crosses) which is in a good agreement
with the measured one (squares) from 1 THz up to 2.5 THz. Sharp roll- off of the
response below 1 THz can be associated with the lower cut-off of the spiral antenna
band. At higher frequencies the response decays slowly, what can be rather
determined by the antenna conductive losses and the large dispersion of the terahertz
waves in the spiral antenna structure. The higher frequency cut- off, caused by the
spiral discontinuity in the antenna apex, seems to occur at frequencies above 3 THz,
where the detected signal was already below the noise level of the measurement
system. Regardless of the air loss effect, the efficiency of the presented antenna is
quite low above 2 THz. We continue the planar antennas investigation in the terahertz
range and the result will soon presented.

Fig.8 DSB receiver noise temperature of
the NbN HEB mixer at 0.6 THz (circles),
1.62 THz (squares) and 2.5 THz
(triangles) LO frequencies. Bath
temperature is 4.2 K).

Fig.9 DSB receiver noise temperature at
1.5 GHz IF with 12 gm (filled) and 50 gm
(open) Mylar beam splitters. Circles
correspond to the 30 cm optical path
length, while squares correspond to the
60 cm optical path length.

Fig. 8 shows the DSB receiver noise temperature for 40.4 mm size HEB
mixer integrated with the spiral antenna in the intermediate frequency band from
1 GHz to 8 GHz. The minimum Tr values were 500 K, 800 K and 1500 K at 0.6 THz,
1.62 THz and 2.5 THz LO frequencies. The measurements were done at 4.2 K bath
temperature. For the measurements at 1.6 THz and 2.5 THz silicon lenses were coated
with 28 gm and 191.,tm thick Parylene layers correspondingly. The noise bandwidth
can be estimated from Fig.S as 5 GHz at 0.6THz and 1.6 THz, and 4 GHz at 2.5 THz.
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The frontier of the SIS and HEB heterodyne receivers falls to roughly 1.1-
1.2 THz. This is the highest frequency, where an SIS receiver operation has been
reported [21]. Nb- SIS mixers with Al tuning circuit has shown 840 K of the DSB
noise temperature at 1.042 THz. Recently, the noise temperature of 380 K at 1.13 THz
was achieved [22] for Nb/A1N/NbTiN SIS mixers with an all-Au tuning circuit.
Therefore, it was interesting to compare directly two existing technologies. We used
the same HEB mixer (with the spiral antenna), that we discussed in this Chapter, to
perform noise measurements at 1.1 THz. The lowest DSB noise temperature in this
range was 780 K (Fig.9, filled circles). We should note, that Si lens did not have any
antireflection coating during these measurements, what introduced about 1 dB
reflection loss on the lens surface. A sharp increase of the noise temperature towards
1.16 THz is caused by the water absorption line, since the measurements were done in
the air. With a withdrawal of the hot/cold load 30cm further from the cryostat, the
influence of the water absorption increases drastically. Below 1.125 THz the output
power of the LO was not enough to pump the mixer to the optimal point with a 12 gm
thick Mylar beam splitter. Therefore, we exchange it for a 50 jam thick Mylar beam
splitter. While the receiver noise temperature was higher in this case, it was still
lowering down to 1.10 THz (open circles). Since there is already another water line at
1.1 THz which we do not observe in Fig. 9, we conclude that we have an error in the
LO frequency estimation. The wavelength- meter, used for the frequency estimation,
seemed to have about 60 GHz up- shift and, in fact, the frequencies in the Fig.9 might
be about 60 GHz higher of the actual radiation frequency. Receiver noise
temperatures with the 50 jam thick Mylar beam splitter and 60 cm of the optical path
length are shown with the open squares.

5. Conclusion.

Quasioptical NbN HEB mixers, discussed in this paper, showed very good
performance from subMM to terahertz frequencies. In Fig. 10 we summarize the
obtained DSB receiver noise temperatures quoted in the present paper as a function of
the LO frequency. These data include all input losses and the IF chain noise. The solid
line represents the 10 hv/k noise level, where h is the Plank constant, v is the LO
frequency, k is the Boltzman constant. With the introduction of the AR coating the
noise level at 0.6 THz -1.1 THz range is expected to drop to the level marked with the
dashed line. As we have shown, at terahertz frequencies the planar antenna
performance deviates from the calculations given by the quasi-static approach.
Specifically for DSA integrated NbN HEB mixers the measured center frequency is
lower than calculated one, as it has been shown for Nb diffusion cooled HEB mixers.
Now we can conclude that the reason of the down- shift of the center frequency is
caused not by the bolometer geometry, as it was suggested, but by the antenna
structure itself. The spiral antenna performance, used in the investigation, is not
optimized for the frequencies above 2 THz either. The FTS investigation of the
downscaled spiral antennas (with smaller inner radius) performance has to be
performed for the 2.5 THz receiver.

From 0.6 THz to 1.6 THz the receiver noise bandwidth is about 5 GHz for
NbN HEB mixers on silicon substrate, which is about 2 GHz lower than it was
expected from the gain bandwidth data. At 2.5 THz the receiver noise bandwidth is
4 GHz. One possible explanation of that can be higher input losses during
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measurements in the 3-8 GHz IF band comparing to the measurements in the 1-2 GHz
band.

We conclude that optimization of the planar antennas will lead to an
improvement of HEB mixers performance above 1 THz.

1200

1000

800

600

400

LO Frequency [ THz

Fig.10 Summary of NbN HEB mixer performance versus LO frequency. The solid
line notes the 10 hvik noise level. Dashed line represents the expected noise
temperatures in the 0.6-1A THz band with introduction an AR coating for Si lens.
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Recent Progress on Photon-Counting Superconducting Detectors for
Submillimeter Astronomy
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We are developing superconducting direct detectors (the Single Quasiparticle
Photon Counter, or SQPC) for submillimeter astronomy that can in principle detect
individual photons. These devices operate by measuring the quasiparticles
generated when single Cooper-pairs are broken by absorption of a submillimeter
photon. This photoconductive type of device could yield high quantum efficiency,
large responsivity, microsecond response times, and sensitivities in the range of
10-20 Watts per root Hertz. The use of antenna coupling to a small absorber also
suggests the potential for novel instrument designs and scalability to imaging or
spectroscopic arrays. We will describe the device concept, recent results on
fabrication and electrical characterization of these detectors, issues related to
saturation and optimization of the device parameters. Finally, we have developed
practical readout amplifiers for these high-impedance cryogenic detectors based on
the Radio-Frequency Single-Electron Transistor (RF-SET). We will describe
results of a demonstration of a transimpedance amplifier based on closed-loop
operation of an RF-SET, and a demonstration of a wavelength-division
multiplexing scheme for the RE-SET. These developments will be a key ingredient
in scaling to large arrays of high-sensitivity detectors.

1. Introduction
To take advantage of very low background photon rates, space-based far infrared or

submillimeter-wave interferometers will require large advances in detector sensitivity and
speed. Integration of photon-counting detectors with low power readout electronics to
make large-format arrays is desired. The Single Quasiparticle Photon Counter (SQPC) is a
type of superconducting direct detector, which has been proposed (Schoelkopf et al. 1999)
to meet these requirements. This paper gives an overview of operation principles of the
SQPC, the current state of development of this device, and its potential advantages.

2. Detector Concept and Fabrication
The SQPC is an antenna-coupled Superconducting Tunnel Junction (STJ) detector with

integrated Radio Frequency Single-Electron Transistor (RE-SET) readout amplifier. (See
Fig. 1). STJs have been used for energy-resolving detection of single photons at visible to
x-ray wavelengths (Peacock et al. 1996). In an STJ detector, a superconducting-insulating-
superconducting tunnel junction is biased below its superconducting gap. At temperatures
well below the superconducting transition temperature, very little current flows since most
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Fig. 1. Single Quasiparticle Photon Counter (SQPC): A niobium bow-tie
antenna provides coupling to submillimeter radiation.  Absorption of a
submillimeter photon breaks Cooper pairs in the aluminum strip joining the
halves of the bow-tie, and gives a current pulse through a tunnel junction
connected to an RF-SET readout amplifier.

electrons are bound in Cooper pairs.  The number of thermally-generated unbound
quasiparticles, and hence also the dark current and detector noise, decrease exponentially
as the operation temperature is lowered. For aluminum junctions, operating temperatures
of 250 mK or less are used.

When a photon is absorbed in one of the superconducting electrodes of the tunnel
junction, or in a superconducting absorber film linked to a junction electrode, then much of
the photon's energy goes into breaking Cooper pairs, and the quasiparticles released give a
current pulse. The integrated charge in the pulse is a measure of the photon energy. At
high count rates, overlapping pulses give a photocurrent proportional to the absorbed
optical power. The tunneling time which sets the detector speed can be quite fast ( 1 s)
since the response is a non-equilibrium effect, and not limited by long thermal phonon
relaxation times at low temperatures.

2.1 Use of an STJ detector for low energy photons 
Figure 1 shows how an STJ is adapted for detection of millimeter or submillimeter-

wave photons in an SQPC. The optimal volume of the STJ detection electrode scales in
proportion to the maximum photon energy (see Sec. 4). For submillimeter detection,
dimensions of the absorber and junction need to be submicron. Efficient coupling of long-
wavelength radiation to the small absorber is provided by an antenna structure. Sensitive
and high-bandwidth readout of photocurrents through the small, high-impedance tunnel
junction is provided by an integrated RF-SET, as described below.

In our devices, in Fig. 2, we make the STJ using aluminum films for the electrodes and
absorber, and we fabricate the antenna from niobium. For photon frequencies between the
superconducting gap frequencies of aluminum (100 GHz) and niobium (700 GHz), the
aluminum absorber strip appears to have its normal-state resistance, and can present a
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Fig. 2. (a) SQPC detector strip and tunnel junctions are located between two
halves of a niobium bow-tie antenna for coupling to submillimeter radiation. A
gold quasiparticle trap is included here in the wiring to just one of two dual
detector SQUIDs. (b) Close-up view of detector strip and tunnel junctions made
by double-angle deposition of aluminum through a resist mask patterned by
electron beam lithography. Pairs of junctions form dc SQUIDs, and critical
currents can be suppressed with an appropriately tuned external magnetic field.

well-matched impedance for absorbing energy at the center of the superconducting
niobium bow-tie antenna.

Figures 1 and 2a show an additional feature: a normal metal (gold) section in the bias
lead near the detector junction. This acts a quasiparticle trap which aids rapid diffusion of
collected quasiparticles away from the junction after tunneling. This prevents the
backtunneling effect (Wilson et al. 2001) which may otherwise slow the detector response
time. Figure 2b shows that instead of one junction we actually use two junctions in
parallel to form a dc Superconducting Quantum Interference Device (SQUID). This
allows the critical current of the combined junctions to be suppressed nearly to zero, which
is necessary for bias stability, and essential for achieving the lowest dark currents (Sec. 3).

2.2 Integrated Readout Amplifier
At detector readout frequencies (<< 100 GHz), the aluminum is superconducting, and

the tunnel junction has a subgap differential resistance of 100 M? or higher, and a
capacitance of a femtofarad or less. A standard readout circuit for a high impedance
photoconductor is the transimpedance amplifier (see Fig. 3). An ideal amplifier for
implementing this readout circuit for an SQPC is the RF-SET (Stevenson et al. 2001). A
Single Electron Transistor (SET) is a very high performance electrometer based on the
Coulomb blockade effect (Fulton & Dolan 1987) with sub-femtofarad input capacitance.
An RF-SET integrates the SET with a LC circuit resonant at - 1 GHz to impedance match
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Fig Measuring photocurrent with a transimpedance amplifier: feedback
draws photocurrent out through a (cold) feedback resistor, keeping constant
bias voltage across the detector.

the typical 50 k? SET output impedance to a 50 ? High Electron Mobility Transistor
(HEMT) (located at 4K). Signal bandwidths of 100 MHz can be obtained.

To make an RE-SET transimpedance amplifier, we feed the room temperature output
voltage of the RF-SET amplifier system back to the input gate of the SET via a cryogenic,
high-value (100 M? ) resistor integrated at the detector bias point (see schematic in Fig. 1).
Although we have not yet done so, we intend to use electron beam lithography to fabricate
a feedback resistor on-chip with physical dimensions small enough to not limit the readout
bandwidth with stray capacitance.

2.3 Fabrication Process 
We use optical lithography and thin-film processing techniques to fabricate substrates

for SQPCs and SETs. The substrates include the antenna, inductors and capacitors for the
rf circuits, and device contacts.

We use electron-beam lithography to fabricate both SETs and the SQPC detector in
one process. Figure 4 shows one of our transistors, and a sketch of the self-aligned process
used to form the small tunnel junctions required both for SET and detector. We use a
standard SET fabrication process using a resist bilayer (Dolan 1977). The bottom resist
layer is more sensitive to electron-beam exposure than the top, high-resolution layer.
Consequently, development of the resists results in undercuts which can be made to merge
and form free-standing bridges of the top resist. Evaporating aluminum films onto the
substrate at two angles allows junctions to be formed under the resist bridge, as shown in
Fig. 4a. A room temperature thermal oxidation step between deposition of the two
aluminum layers forms an Al203 tunnel barrier in the junction area defined by the overlap
of the layers.

We have refined this fabrication process with the goal of achieving the reproducibility
needed for large-format arrays. By monitoring and controlling the sensitivity of the lower
resist layer, we have recently attained large improvements in device yield. We now make
chips with 20 or more functional SETs, and small (5 element) arrays of SETs with junction
resistances clustered within 10

0
4 of a target value. We are continuing to study and make

improvements in device yield, uniformity, and long term stability.
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Fig. 4. (a) Double-angle deposition process used to form the self-aligned
junctions for the SQPC and SET. (b) An SET with 0.5 if input gate capacitor.
Source and drain leads are connected to island via ultra-small tunnel junctions.
Inset shows close up of a 60 urn x 60 nm junction.

3. Optimization of Device Parameters and Experimental Results
Apart from efficiency of antenna coupling, the fundamental factors determining SQPC

sensitivity are: (i) detector responsivity, (ii) shot noise on the dark current, (hi) noise of
the RF-SET expressed as an equivalent voltage noise at its input, (iv) Johnson noise in the
feedback resistor, and (v) impedance of the detector in parallel with the feedback resistor.
We have investigated each of these issues, and predict Noise Equivalent Power (NEP) -
1x10-19 W/vHz could be obtained with our existing SQPC prototypes based on the
demonstrated levels of performance measured for each factor.

3.1 Detector Responsivity
The responsivity of the SQPC is ideally equal to e/? , where ? is the energy gap of the

absorber material and e is the electronic charge. For aluminum, e/? - 5000 A/W.
Efficient collection of photon-generated quasiparticles as a tunneling current depends on
making the tunneling time short by confining the quasiparticles to a small absorber or trap
volume, and on avoiding sources of quasiparticle recombination other than recombination
with the thermal equilibrium concentration of quasiparticles.  At low operating
temperatures, thermal recombination rates are orders of magnitude slower than our 1-101IS
tunneling times. Using the dual detector SQUID structure shown in Fig. 2b, we have used
one SQUID in a pair to electronically inject a quasiparticle current into the common
absorber strip. We see a strong response in the subgap tunneling current of the second
SQUID. While we have yet to complete analysis, we believe the observed response
indicates good confinement and collection in our devices.
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3.2 Dark Currents
We have investigated dependence of dark current on device parameters. We found

initial prototype detectors with - 1 k? junctions deviated from BCS predictions for
thermally-generated dark current below - 300 mK. The temperature-independent dark
current was proportional to the square of the (magnetic-field dependent) critical current of
the SQUID, and was explainable as "rectification" of the Josephson oscillations occurring
at a non-zero dc bias voltage (Hoist 1994). Since the minimum critical current of a dc
SQUID is limited to non-zero values by self-inductance, and by asymmetry between
junctions, we could not fully suppress the critical current with a magnetic field as is done
for UV/optical or x-ray STJ detectors.

Instead, we were motivated to try junctions with smaller areas and higher resistance-
area products. For junctions with a Josephson energy Ej = .1,00 /2p smaller than kT, we
observed extra suppression of the critical current by thermal fluctuations. The dark current
at bias less than ?/e was then greatly improved. Several different detectors were cooled in
a pumped He3 refrigeration system to temperatures as low as 250 mK. Preliminary tests
focused on carefully quantifying the dark current and its response to variation in
temperature and magnetic field. First, we were able to show that the supercurrent can be
suppressed to less than 0.1% on its initial value with a few Gauss of magnetic field on the
device. This shows both that the fabrication process can yield sufficiently symmetric
SQUID geometries and that we can robustly quench the supercurrent contribution to the
dark current.
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Fig. 5. Data and theory for dark currents of three different detector junctions.

The next step in our characterization of the junctions was to demonstrate how small the
dark current could be and see how this compares with theoretical predictions. BCS theory
predicts that the subgap current due to thermally excited quasipartcles should decrease
exponentially with temperature. So far, our measurements have shown that the subgap
current corresponds to the BCS value and that it continues to scale exponentially at the
lowest temperatures at which it has been measured. At 256 mK, we measured a dark
current less than 1 pA (Figure 5). This implies that a shot noise limited detector would
have an NEP of less than 10 -19 VV/rt.Hz. This sensitivity should continue to improve as the
temperature decreases. While it remains to be seen how low this dark current can be made,
it is highly encouraging that such a low dark current has been demonstrated and that its
value fits so closely with theory.
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3.3 RF-SET voltage noise 
Nearly quantum-limited charge noise - 10-6 e/vHz has been demonstrated for RF-SETs

with small input gates (Aassime 2001). However, just as for dc SQUIDs, it is difficult to
maintain quantum-limited sensitivity while providing strong coupling to an input signal.
For SQPC readout, the figure of merit is the voltage noise, equal to the charge noise
divided by the input gate coupling capacitance. As gate capacitance is increased, the
voltage noise at first drops, but then levels off or increases as the charge noise of the RF-
SET starts to degrade due to co-tunneling effects (Stevenson 2001). We have obtained
record SET voltage noise of 30 nV/vHz with a 0.5 IF gate, and have been able to maintain
a voltage noise close to this value during closed-loop transimpedance amplifier operation
(Segall 2002).

3.4 Predicted Detector Sensitivity
Table I summarizes the noise budget for an SQPC detector using demonstrated

parameters. We assume our 0.5 pA device is used with a 100 M? integrated feedback
resistor at 250 mK, with higher subgap impedance for the biased detector.

Table I. Detector sensitivity for demonstrated parameters.
Noise source Parameters Effective current noise
Dark current
RE-SET noise
Johnson noise in Rfb

0.5 pA at 250 mK
30 nV/yHz
100 M? at 250 inK

0.4 fikivilz
0.3
0.4

Total current noise 0.6
NEP 1.2x1049 W/vHz

4. Modeling of Detector Performance for Various Absorbed Power Levels 
The maximum power level the SQPC can tolerate, and the expected background count

rates in a space environment, will determine the maximum fractional bandwidth allowed
for the incident radiation. As the absorbed power is increased, the peak or steady-state
concentration of quasiparticles in an SQPC absorber strip will grow, and the rate of self-
recombination of particles will increase. When the self-recombination rate per
quasiparticle equals or exceeds the tunneling rate, then the efficiency of charge collection
drops. We have performed Monte Carlo simulations of the effects on signal and noise in
this case, and have found that the saturation of the detector is really quite gradual and
weak.

Preliminary results calculated for a device like our prototype with 0.5 pA dark current.
The self-recombination and tunnel times become equal at an absorbed power of 3 fW.
Above that power, the photocurrent grows as square-root of power, and the time constant
of the response drops with the self-recombination time. The total NEP degrades very
slowly, and remains close to the photon shot-noise limit until the power reaches 0.1 pW.
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With the expected background for space observations (Mather et al. 1998), this SQPC
model allows background limited sensitivity for incident bandwidths of 0.1% to 100%.
Only at powers above a pW will the device saturate "hard," when quasiparticle
concentrations grow large enough to supress the superconducting gap and drive the
aluminum normal. We consider weak saturation one advantage of the SQPC.

5. Design of Antenna Coupling and Calibration
We have an experiment currently underway to attempt to measure for the first time the

photoresponse of an SQPC to radiation. For this purpose, we have made a calibrated 200
GHz source with calculable coupling to the SQPC antenna.

5.1 STJ/Antenna Coupling 
At this stage of sensor development, we employ a bow-tie antenna on a dielectric

substrate to optically couple the device. This simple scheme has minimal impact on
processing and will allow basic characterization of the device properties. In order to
integrate the detector to the antenna, the impedance, field configuration, and interaction of
the bias network topology with the radiating structure need to be considered.

We estimate the bow-tie antenna's input impedance by treating the structure as a radial
transmission line in the quasi-static limit (Rutledge & Muha 1982). For the geometry used
for the prototype devices, we estimate an input impedance of —130 ? . The rf impedance
presented by a typical SQPC-SET sensor is 20-50 ? . This impedance mismatch will be
addressed in subsequent sensor iterations.

For an antenna on a substrate, the power radiated into the dielectric is greater than the
power radiated into the vacuum by a factor of er-1.5 . For the silicon substrate in use, we note
that —97.5% of the power resides in the dielectric portion of the half-space. A quarter-
wave-matching layer is employed between the dielectric and freespace to improve the
coupling efficiency for the component of the radiation propagating away from the antenna
into the dielectric. A substrate lens can also be employed to limit conversion of trapped
rays into surface waves on an electrically thick substrate.

The beam efficiency, the ratio of the main beam-to-total beam solid angle, for a bow tie
is relatively low. For this reason, we plan to transition to antenna structures with improved
sidelobe control. This will enhance compatibility of the device development effort with
needs of precision radiometric applications. Given the sensor's planar topology, processing
requirements and RF impedance levels; dual slot and taper slotline configurations are
presently under consideration to meet these demands.

5.2 200 GHz Calibration Source Development 
A quasi-optical calibration scheme was chosen to allow maximum flexibility during

sensor characterization. For the initial measurements, a quasi-optically coupled "reverse
bolometer" will be used as a thermal source in the sensor's field of view to produce a
calculable radiometric flux. The absorber physical temperature and emissivity as a function
of frequency effectively control the source bandwidth.

The calibrator was fabricated as follows: The absorber was formed by evaporation of
Pd/Au to realize —400 ? /? on an electrically thin silicon substrate at the anticipated
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operational temperature. This layer is held in a silicon frame at a spacing of —410 microns,
roughly a quarter wavelength, from a smooth oxygen free copper backshort. The emitter is
supported on micro-machined conductive legs, which provide electrical connections for the
thermometry and thermal isolation. Provisions are provided in the design to reconfigure the
calibrator for use as a mount in WRO5 waveguide for verification of the coupling
efficiency via standard waveguide metrology techniques.

6. Multiplexing for Arrays 
An advantage we see for the SQPC detector system is the multiplexing capability of

RF-SETs. Multiplexing schemes will be crucial to the development of large-format arrays
of SQPCs, or other low-temperature detectors.

RF-SETs have a natural wavelength division multiplexing capability, as shown in Fig.
6a. Each RE-SET is connected to one coaxial line by an rf tank circuit with a unique
resonance frequency. A directional coupler allows rf carriers to be applied at each
resonance frequency and reflected powers to be monitored by a single HEMT following
amplifier at 4 K. RF-SETs can be individually or simultaneously powered and read out.
We have made a two-channel rf multiplexing demonstration using discrete inductors for
the rf tank circuits (Stevenson et al. 2001). The two input signals were successfully
reconstructed with little cross-talk. Lithographic versions of the rf circuits (Fig. 6b) had
measured parameters in agreement with electromagnetic modeling, with reduced cross
capacitance and inductance. We have designed a 50-channel system with components
based on measured parameters of our lithographic circuits (Stevenson et al. 2002).

RF Comb
Generator

Fig. 6. (a) WDM multiplexing scheme. All inductors are connected to one
coax running from subkelvin chip to components at 4K. Multiple carrier
frequencies pass through directional coupler to excite tank circuits. Reflected
power is directed to HEMT amplifier. Outputs are demultiplexed and
demodulated at room temperature, and fedback to resistors for transimpedance
operation. Detector bias can be changed using trim gates. (b) 8 mm x 10 mm
chip with 16 lithographically defined tank circuit inductors.
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The wavelength division multiplexing scheme still requires two wires for each pixel
which is being read out simultaneously: one wire for connection to the transimpedance
feedback resistor, and one for a weakly coupled SET trim gate. Combining wavelength
division multiplexing with some form of time-division, or other, multiplexing will be
required in to implement large arrays; however, the 50-fold reduction in output
connections seems quite valuable.

7. Conclusion
We have refined a fabrication process for SQPC detectors and RF-SET amplifiers with

the goal of achieving the reproducibility needed for large-format arrays, and have recently
attained large increases in device yield. With proper device design, we have attained
subpicoamp dark currents, and record RF-SET voltage noise levels, which allow
sensitivities of 1x10' 9 W/vHz at temperatures as high as 250 mK. There is potential for
even better sensitivity at lower temperatures, and the expected detector saturation behavior
and multiplexing capability of RF-SETs enhance the potential for application of the SQPC
in space-based submillimeter-wave interferometers.
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Abstract

We report our studies on spectral sensitivity and time resolution of
superconducting NbN thin film single-photon detectors (SPDs). Our SPDs exhibit an
everimentally measured detection efficiencies (DE) from — 0.2% at 2=1550 nm up to
—3% at 2=405 nm wavelength for 10-nm film thickness devices and up to 3.5% at 2=1550
nm for 3.5-nm film thickness devices. Spectral dependences of detection efficiency (DE) at
2=0.4 —3.0 pm range are presented.

With variable optical delay setup, it is shown that NbN SPD potentially can resolve
optical pulses with the repetition rate up to 10 GHz at least. The observed full width at the
half maximum (FWHM) of the signal pulse is about 150-180 ps, limited by read-out
electronics. The jitter of NbN SPD is measured to be —35 ps at optimum biasing.

Introduction
NbN ultrathin film superconducting single-photon detectors (SPDs) are promising

for their fast response time and ultimate sensitivity from ultraviolet to near infrared ranges
[1-4]. Simultaneously, with the quantum-counting property, dark counts of the detector are
negligibly low under the cryogenic operation environment [5,6]. As the result,
superconducting NbN SPDs offer some obvious advantages over any modem
semiconductor single-photon detectors [6].

The single photon counting property of NbN SPDs has been investigated
thoroughly, and a model of hot-spot formation process has been introduced to explain the
photon-counting mechanism of NbN SPDs [7, 8].

However, it is of great interest to study spectral sensitivity characteristics and time
characteristics of NbN SPD. Another very important time-related characteristic is the time
jitter. The last characteristic is responsible for an accuracy of photon event registration in
time scale.

Also at: Materials Science Program. University of Rochester. NY, 14627.
2 Also at: the Institute of Electron Technology, PL-02668 Warszawa, Poland.
3 Also at: the Institute of Physics, Polish Academy of Sciences, PL-02668 Warszawa, Poland.
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SPD's fabrication and experimental setup
The devices used in our experiments are meander-structured NbN superconducting

stripes with thickness of d -= 10 nm and 3.5 nm, and width of w 20O nm. The K. of the
devices is about 10.5 K for 10-nm thickness film, and about 10 K for 3.5-nm thick film
devices, with critical current density jc at 4.2 K up to 5 x

106 A/cm2 . The fabrication process
of NbN SPDs is as follows: first of all, the ultra-thin NbN films are deposited on double-
side polished sapphire substrates by reactive dc magnetron sputtering method in the Ar +
N2 gas mixture. The maximum values of the critical film parameters (K. and/) are reached
at the partial Ar pressure of 5x10 -3 mbar, the partial N2 pressure of 9x10 -5 mbar, the
discharge current value of 300 mA, the discharge voltage of 300 V and the substrate
temperature of 850 °C. Next, the film is patterned into a meander-type stripe occupying an
area of —10 1,Lm. x10 1,1m or 4 IAM x4 1..im by e-beam lithography after the outer Ti-Au
contact pads are fabricated by lift-off optical photolithography. Thereafter the NbN film is
removed from the whole surface of the substrate except the meander-type structure and
contact pads by ion milling in Ar atmosphere through supplementary Ti mask, which is
created on the surface of NbN meander-type and contact pads. Finally, the last process is to
remove Ti mask in diluted hydrofluoric acid. SEM image of the device with 101.tm x 1011m
working area is shown in Fig. 1.

Fig. 1. SEM image of Meander-structured NbN SPD fabricated by the magnetron
sputtering method with covered area of 4 I.L1-11 X 41.,t,m, average stripe width w = 210 nm.

Typical I-V curve of the 10-nm-thick SPD at 4.2 K is shown in Fig. 2. We bias the SPD
at currents below critical current I, (e.g., point A on superconducting branch). After the
absorption of the photon the resistive barrier across the full width of NbN stripe appears,
and detector is switched from superconducting state (point A in Fig. 2) to meta-stable state
(point B in Fig. 2) with a voltage signal generated.
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Fig. 2. 1-V curve of 10-nm-thick, 4 jtm x 4lam area NbN SPD at 4.2 K.

Experimental setup
The schematic diagram of our experimental setup is shown in Fig. 3. The device is

wire-bonded to a microstripe line and then connected to the bias and output circuits
through a bias tee. The vacuum cryostat that holds the SPDs is cooled by liquid helium and
maintained at 4.2K. Optical sources were either 100-fs-wide pulses with a 82-MHz
repetition rate at 405 nm, 810 nm, and 1.55-pn wavelengths from a self-mode-locked Ti-
sapphire laser, coupled with the parametrical optical amplifier, or CW laser diodes. The
intensity of incident radiation was attenuated using banks of neutral density filters. In
addition, the wavelength dependency of SPD's detection efficiency (DE) was measured
using a grating spectrometer and a CW blackbody radiation source.

Fig. 3. Experimental setup with variable optical delay stage.

In order to measure the time-resolving ability of NbN SPDs, we have set up an
adjustable optical delay stage. The laser beam is firstly split into two beams, and then one
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of the beams is delayed by the optical delay stage and then merged back into the original
beam by the second beam-splitter. The minimum amount of the delay is 100 ps. The
voltage signal generated by the incident photon in the SPD is amplified by a room-
temperature amplifier and then fed to the Tektronix 7404 single-shot digital oscilloscope
(synchronously triggered by the Ti:Sapphire laser) or counted by SR400 photon counter,
the room temperature amplifier and oscilloscope have bandwidths of 0.01-12 GHz and 0-4
GHz, respectively.

Experimental results

Spectral sensitivity
The DE spectral dependences for some 4x4 i,m 2 and 10x10 j.im 2 10-nm film

thickness SPDs at k=0.4 —3.0 tim range are presented in Fig. 4. We notice here that DE is a
global parameter referring to the number of photons registered by the detector, normalized
only to the incident beam size. The DE dependences have an activated-type character with
DE — exp(-Eg/hv), where Eg is the activation energy [4]. The activation character of DE
and Eg value looks similar for all the tested devices with the same thickness. We observed
some noticeable variations of the spectral sensitivity dependence slope with the stripe
width, but it is a subject of more detail future study.

Fig. 4. Spectral dependences of detection efficiency for 10x10 1.1m 2 (diamonds), and some
of 4x4tm2 SPDs (circles, triangles, and squares) obtained with CW radiation source.

The preliminary results for 3.5-nm-thick devices show significantly smaller
activation energy value, which is in agreement with prediction of hot-spot model. It makes
thinner devices more promising for near-infrared and middle-infrared ranges.
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Our 10-nm-thick SPDs exhibit an experimentally measured detection efficiencies
(DE) from — 0.2% at 2=1550 nm up to —3% at X=405 nm wavelength. The devices with
the film thickness of 3.5-nm shows DE up to 3.5% at X=1550 nm. The intrinsic quantum
efficiency of these devices is close to 100% at 1.2 1,1111 wavelength (see notice above about
definition of DE).

Time resolution

With the variable time delay setup, we have taken the single shots of the pulse-shape
with Tektronix 7404 oscilloscope (100 ps rise time). The results are shown in Fig. 5.
Signal pulse itself has a FWHM of about 150 ps, and rise time of —100 ps. When the
optical delay is adjusted to be 100 ps (Fig. 5b), pulse shape by oscilloscope is evidently
wider than the pulse shape without delay, and the signature of the second delayed pulse can
be detected. For comparison, pulses for the delays of 330 ps, 650 ps, and 1080 ps are
shown in Fig. Sc, d, and e. Obviously, the superconducting state should be recovered for to
detect next photon. As the result, we can make a conclusion that the device is capable to
detect photons with 10-GHz counting rate.

Fig. S. Pulse patterns at different optical delays: (a) delay = 0, (b) delay  100 ps (we can
see the signature of the delayed pulse), (c) delay = 330 ps, (d) delay = 650 ps, (e) delay =
1080 ps.

The signal pulse from our NbN SPD has an extremely small jitter. With the analysis of
pulse shape by standard histogram method, we can find that the total system jitter is about
35 ps (as shown in Fig. 6) at the relatively high flux. This value of jitter includes jitters
from the laser system (-4 ps), the output circuits and the oscilloscope performance, thus,
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the intrinsic device jitter is expected to be smaller.

Fig. 6. Pulse shape at incident flux level of 1000 photons per second, with FWI-IM of about
180 ps, and jitter of about 35 ps.

Conclusions

NbN SPDs are sensitive to UV, visible, and IR radiation. Obviously, 3.5-nm film
thickness devices are already in competition with the best semiconductor single-photon
detectors at 1.55-micron communication wavelength.

The experimental results of optical pulse delay have shown that our NbN SPDs can
resolve pulse trains with optical delay of about 100 ps. This ultra-fast responsive property
makes NbN SPDs to be very promising detectors in a lot of application fields, such as
fiber-optics communication and even Earth-satellites communication. Measured jitter of
detectors is about 35 ps which makes our devices very promising for ultrafast applications.
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We consider a new type of hot-electron mixer that employs a kinetic-
inductance response in a superconducting film near superconducting
transition. The significant advantage of this mixer over the resistive
one is that the intermediate frequency bandwidth and the local
oscillator power can be adjusted independently. The intermediate
frequency bandwidth is determined by the inverse quasiparticles
multiplication time. The local oscillator power is determined by the
electron cooling time, which is the electron-phonon relaxation time for
phonon-cooled mixers. Our modeling has shown that the intermediate
frequency bandwidth can be as large as 50 GHz along with the local
oscillator power of about 10 nW and the conversion efficiency — 0.01.

Currently, hot-electron superconducting bolometer (HEB) mixers are the most
sensitive heterodyne detectors at THz frequencies. Both the diffusion and the phonon
cooled HEB mixers demonstrate very good noise characteristics [1,2]. The achieved
noise temperature in practical mixers is approximately 10 times higher than the quantum
limit, TQ = hv/kB . The intermediate frequency (IF) bandwidth, BIT', is given by the inverse
electron cooling time, 1-c, i.e., BIF= 142 Irr,) . The maximum IF bandwidth of  GHz has
been demonstrated in an ultrashort diffusion-cooled Nb mixer [3]. The local oscillator
(LO) power of an HEB mixer is 

PLO-'--
--C

e
T

o
ir

e
 °c. T 2 /r, where Ce is the electron heat

capacity. Typical low values for the LO power are in the range 20-100 nW [3]. A further
decrease of the LO power in HEB mixers can be achieved by using superconductors with
lower critical temperature [4].

In the current work, we analyze a new type of hot-electron mixer, which employs a
kinetic-inductance response in a superconducting film in the vicinity of the
superconducting transition. This mixer allows for substantial increase of the IF bandwidth
and simultaneous decrease of the LO power.

The kinetic inductance response to the electromagnetic radiation near the
superconducting transition has been studied in many works [5,6,7,8]. The radiation

a) E-mail address: sergeev@ciao.eng.wayne.edu
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quanta create large number of excited quasiparticles in a superconducitng film. Electron-
electron scattering ensures effective avalanche-like multiplication of photoexcited
quasiparticles. Increase of the number of quasiparticles (decrease of the number of
Cooper pairs) leads to a change of kinetic inductance which can be detected via a change
of the ac voltage across the current biased superconducting bridge. In impure
superconductors, the electron-electron scattering time, ree, is significantly shorter than the
electron-phonon time, re-ph, and on the time scale longer than Tee one can describe the
electron kinetics by the electron temperature, 0, in the same way as in the resistive state:

e— ph exp(iwt), (1)
Ce 1+ iwre_ph

where P is the electromagnetic power absorbed in a superconducting bridge.
The kinetic inductance, Lk, is a function of the electron temperature, so the

responsivity of the kinetic-inductance detector may be presented as

Lk aLk j
a
g 

e_ ph
S = I (2)

ao Pc, ae0,
Ce

where I is the biased current, and co is the modulation frequency; the subscript w denotes
the corresponding Fourier component.

In general, the dependence of the responsivity on the modulation frequency has a
shape shown in Fig. 1. At low frequencies, the inductive signal is proportional to the
frequency. Then, at re_ph -1 < co < ree - -/ the frequency dependence has a plateau, which can
be used for mixing. At higher frequencies, a 1/0) decrease of the signal with frequency is
expected. Here, the variations of the electromagnetic field are so fast that the
quasiparticle multiplication cannot follow and, as a result, the kinetic inductance does not
change much. Experiment [8] has demonstrated the presence of the linear and the
frequency independent parts of the dependence S 0, (w) . The high-frequency region above

4Tee could not be observed in view of instrumentation bandwidth limitation.

sw

"re-ph 1/Tee
Fig. I. Dependence of the responsivity on the modulation frequency

The electron-electron scattering rate in an impure superconductor near he transition
is given by [9]:

1 e 2 RDT, frh
-= in 
r

ee 27z-h 2 e2 RD
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where R. is the sheet resistance. Typical values of Tee in disordered films at helium

temperatures are 2-7 ps. Thus, the kinetic-inductance mixer would allow for an IF
bandwidth

BIF = 11(2 wree) 50 GHz. (4)
For the proposed kinetic inductance mixer, the IF bandwidth and the LO power are

controlled by different electron processes and do not have to be traded off. In order to
minimize the LO power, the mixer should work in the phonon-cooled mode. Then, the
LO power will be given by :

PLO CeTc nre-ph (5)
where n.4-6 is the exponent in the temperature dependence in the electron energy loss
function. Choosing the volume of the superconducting bridge, one can adjust the LO
power to a required value. For example, for Nb bridge of lOnmx0.1,umx1pm and Te=
5.5K the LO power is expected to be —10nW.

Let us now consider the responsivity near the superconducting transition. In this
region the temperature dependence of the kinetic inductance is [10]

2h Rk
B
T 

LK =

	

	 oc (1— T	 ,	 (6)
(A(T ))2

where J(7) is the superconducting gap, and R is the normal state resistance. The kinetic-
inductance response is proportional to the biased current, which is limited by the critical
Ginzburg-Landau current,

8V2,r5 
I

(kii,T)3/2 L
(1-71Tc ) 312 , (7)GI. 21,,ric (3) (hD) 112 eR

where D is the diffusion coefficient, and L is the length of the bridge.
Assuming that the biased curirent is a times smaller than the critical current and

combining Eqs. 2, 6 and 7, we obtain the responsivity

S
0.1  (hD)112  eR 

(1— TITc ) -112 (8)
a (kBT)3/2 L

Choosing a = 2 and (1-77T)-172 = 6, for a lOnm thick and 0.1 dum wide superconducting

Nb bridge with Te = 5.5K, resistivity of 5x10 -5 Q cm, and the diffusion constant D = 1

cm2/s, we get the responsivity of 5-103A-1.
The mixer conversion efficiency is given by

2S2Pw
= 

RL
(9)

where RL = 50 S2 is the IF load resistance. With S = 5000 A-1 and PLO = 10nW, we expect
the conversion efficiency to be of the order of 10 -2 . With a typical LHe cooled HEMT
amplifier (noise temperature 2-5 K) the mixer noise temperature of several hundred
Kelvin can be expected.

In summary, we propose a new type of low-noise hot-electron mixer based on the
kinetic-inductance response in the superconducting state. The IF bandwidth of this mixer
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is given by the rate of the electron-electron scattering processes and it can be as large as
50 GHz. The LO power is independently controlled by a relatively slow electron cooling
process and can be separately adjusted to the required low values.
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Abstract

We present performance results based on the first astronomical use of multiplexed
superconducting bolometers. The Fabry-Perot Interferometer Bolorneter Research
Experiment (FIBRE) is a broadband submillimeter spectrometer that achieved first
light in June 2001 at the Caltech Submillimeter Observatory (CS0). FIBRE's
detectors are superconducting transition edge sensor (TES) bolometers read out by a
SQUID multiplexer. The Fabry-Perot uses a low resolution grating to order sort the
incoming light. A linear bolometer array consisting of 16 elements detects this
dispersed light, capturing 5 orders simultaneously from one position on the sky. With
tuning of the Fabry-Perot over one free spectral range, a spectrum covering
AX/X = 1/7 at a resolution of 8X/X - 1/1200 can be acquired. This spectral resolution
is sufficient to resolve Doppler-broadened line emission from external galaxies.
FIBRE operates in the 350 gm and 450 gm bands. These bands cover line emission
from the important star formation tracers neutral carbon [CI] and carbon monoxide
(CO). We have verified that the multiplexed bolometers are photon noise limited
even with the low power present in moderate resolution spectrometry.
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SCIENTIFIC MOTIVATION

Spectroscopy of distant galaxies in the far-infrared and submillimeter has lagged behind
continuum studies at the same wavelengths (e.g., with SHARC at the CSO [1]) and
spectroscopic studies at longer wavelengths (e .g. OVRO [2]). In large part, this is due to a
relative lack of available instrumentation combining high sensitivity and large bandwidth.
Observing an emission line from a typical galaxy with velocity-broadened linewidth of
—300kmis in the 350 m and 450gm atmospheric windows (850 GHz and 650 GHz,
respectively) requires a spectrometer with a bandwidth of at least 0.5 pm (1 GHz).
Additionally, detecting this line is easiest if the spectral resolution is approximately this
width. Hence, a spectrometer with a spectral resolution of slightly more than 1000 is
optimal for the detection of faint galaxies in the far-infrared and submillimeter.

To put this in perspective, shown below (Fig. 1) is a 9 GHz wide portion of the high
resolution spectrum of Orion-KL taken at the CSO around the CO J=6-45 line near 690
GHz [3]. A coarse resolution spectrometer would miss the smaller features and blur the CO
line, decreasing its contrast. A simulation of the spectrum of the nearby infrared-luminous
galaxy M82 is shown in Fig. 2, over a 40 GHz wide portion from 790 to 830 GHz
containing both the CO J=7—>6 and CI transitions. Even at a spectral resolution of 1000,
the lines are resolved.

691 L3 694 E95 Eigi3 697
,ezt Freq„micy (G-tz)

FIGURE 1. Spectrum of Orion between 688 and 697 GHz, showing many low brightness, narrow lines in
addition to the dominant CO line.

FIGURE 2. Simulated spectrum of M82 between 790 and 830 GHz, showing only the continuum and
emission from CO and
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The Fabry-Perot Interferometer Bolometer Research Experiment, FIBRE, is an
instrument designed to demonstrate a suite of advanced technologies suitable for sensitive
detection of far-infrared light. This includes superconducting transition edge sensor (TES)
bolometers, SQUID multiplexed amplifiers, and a cryogenic Fabry-Perot interferometer.
These components are being developed for the SOFIA imaging Fabry-Perot spectrometer
SAFIRE and for a complement of ground-based instruments.

Heterodyne spectrometers have been developed with noise only a few times the quantum
limit at frequencies near 1THz. This is a noise temperature of order 100K. However, the
photon noise from Mauna Kea in good weather using a spectral resolution of 1000 is about
46K. It is clear that in this case — indeed, whenever the instrument sees low photon
occupation number — lower noise can be achieved with direct detection than with
heterodyne detection [4].

INSTRUMENT DESIGN

Superconducting TES Bolometers and SQUID Amplifiers

The superconducting TES bolometer has been developed for use at wavelengths from
the submillimeter to X-rays. It combines high speed with high sensitivity and can be read
out by SQUID amplifiers, which are well suited to multiplexing. Unfortunately, the
development of these detectors is too detailed to discuss at length here [5,6], but the overall
technology was summarized at the 12 th Terahertz Technology Symposium [7]. The FIBRE
bolometers were used in the laboratory to demonstrate that multiplexed detection using the
NIST-designed SQUID multiplexer of Chervenak et al. [6] was possible [8]. Further
measurements, as presented by Staguhn et al. [9], have verified that the noise performance
of these amplifiers is limited by detector Johnson noise contributions (e.g., amplifier noise
is still below both phonon and photon noise in an appropriately designed detector) as
predicted by theory.

FIBRE features two 1x8 monolithic bolometer arrays consisting of 1 minx 1 mm
absorbers with a 501Amx150 jtm Mo/Cu bilayer TES. This is shown in Fig. 3.

FIGURE 3. Photograph of a single 1x8 monolithic bolometer array. Each lmmxl mm pixel is a 1 ?Ain thick
silicon membrane supported by 4 legs approximately 51.A m wide. The TES is the small pale rectangle at the
bottom center of each detector.
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The principal of operation of the superconducting bolometer is relatively
straightforward, and similar to conventional semiconducting bolometers. A small,
thermally isolated thennistor receives heat input from incident radiation and electrical bias
power; the sum of these powers determines its temperature above the bath temperature (Fig.
4). The electrical bias power is simply P=V2/R, where the resistance R depends strongly on
the temperature, as shown in Fig. 5. When the incident radiation increases, the temperature
rises and R increases dramatically. This causes the bias power to drop, sending the device
back to the same temperature. This effect, called electrothermal feedback, is instrumental
in improving the response speed, stability, linearity, and noise properties of
superconducting bolometers. The noise can be made phonon-limited, where the noise
equivalent power is NEP2 =41c12G. This noise power can be converted into a noise
temperature using TN = NEP/(2kviAv) [10]. We have tested bolometers yielding noise
temperatures of —30K at frequencies of —1THz, when operated from a 3 He bath, and with
response times of 2ms.

FIGURE 4. Diagram of the principal of operation of FIGURE 5. Operation of a superconducting
a bolometer. thermistor with a sharp R vs. T curve.

Optical Design

The optical design uses a single Fabry-Perot etalon followed by an order-sorting grating
[11]. The grating is blazed to operate in its first order, which is broad enough to transmit
orders 40-45 of the Fabry-Perot for 350 wn operation and orders 32-35 for 450 firn
operation. The grating disperses these Fabry-Perot orders along the array such that they are
separated onto adjacent sets of pixels with only slight overlap. In this manner, a spectrum
consisting of several orders of the Fabry-Perot is collected simultaneously. This
configuration permits spectral multiplexing by using multiple detectors, since the detectors
themselves have no spectral resolving power. By stepping the Fabry-Perot over one free
spectral range, a complete spectrum is accumulated. The layout of the optics and a picture
of the partially assembled optical system are shown in Fig. 6. The entire assembly is
shown in Fig. 7, with the detector array package and all optical/magnetic baffles in place.
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FIGURE 6. (Left) Diagram of spectrometer optics, showing three orders being dispersed onto the bo ometer
array. (Right) Optics being assembled, with the detector array and baffles yet to be added.

FIGURE 7. Illumination pattern of the
Fabry-Perotlgrating optics onto a 24-element
detector array.

FIGURE 8. Illumination pattern of the Fabry-Perotigrating
optics onto a 24-element detector array.

Instantaneously, the five to six orders are dispersed across the detector array. This
illumination pattern is shown in Fig. 8. As the Fabry-Perot modulates the incident
wavelengths, the peaks shift slightly, but less than two pixels width. The optics were
designed to allow up to 24 pixels to be used, which cover either of the two observing bands
as available from Mauna Kea. At the present, only 16 pixels are available in two groups of
8, with a gap of 3 pixels width between them. The array can be shifted in steps of 5 pixels
to enable the entire band to be covered.
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Commissioning Observations

FIBRE was delivered to the Caltech Submillimeter Observatory (CSO) on Mauna Kea,
Hawai'i in May-June 2001. During six nights of poor weather, the instrument was operated
and found to work very well The bolometers were read out in multiplexed fashion (Fig. 9).
This scan was taken while tuning the Fabry-Perot and observing a local oscillator source.
The signal is seen strongly on one channel and weakly in others, demonstrating good
optical performance for spectroscopy. The position of the Fabry-Perot is also shown.
Those bolometers that were illuminated at a given Fabry-Perot tuning were found to have
about 20 times the noise of the dark bolometers. The expected photon noise contribution is
approximately 10 times the intrinsic (phonon + Johnson) noise of the detectors, so the
system noise is near the theoretical performance and the bolometers are background-limited
with a net NEP of 3x1 047 WiNiHz.

A spectrum (Fig. 10) was
taken using a local oscillator
source operating at 372gm
(807GHz). The spectral resolving
power was measured to be 1200,
for a velocity resolution of
250 km/s, as predicted from the
known performance of the Fabry-
Perot. The Fabry-Perot spectrum
follows an Airy function to within
a few percent, with no detectable
excess crosstalk. As seen in the
illumination pattern in Fig. 8,
there is some optical crosstalk
induced by the grating.

The opacities at the zenith
during the observing run were
measured by skydips using both
FIBRE and the CSO facility
350 tm taumeter. These
measurements yielded zenith
opacities of T350 1,m-4 during most
of the run. A representative
skydip under the best conditions
seen is shown in Fig. 11. In this
case, we found T372}tm `-`3.0±0.3
measured using FIBRE operating
at 3724m.

FIGURE 10. Velocity calibration spectrum at 372 vim (807 GHz).
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No scientific data could be taken in such
poor conditions, but in order to demonstrate
a multiplexed detection using TES
bolometers, we observed the limb of the
Moon at 365 gm. The secondary mirror was
nutated to subtract the atmosphere, so we
obtained a high signal-to-noise detection of
the Moon emission despite a transmission of
—1% (Fig. 12). The signal was demodulated
and a signal-to-noise measured for each of
the 11 scan positions. Each data point
contains 3 seconds of on-source time. When
pointing at the limb of the Moon, the
chopping demodulation results in a
difference signal between the Moon and the
background sky.
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FIGURE 11. Skydip showing T372 ttiT(' •

FIGURE 12. Detection of the limb of the Moon, taken while chopping so that a signal is seen only when
exactly on the limb.

With the initial observations and instrument checkout, it is possible to predict the
sensitivity of FIBRE to extragalactic line emission. First, a model of the atmosphere is
used to estimate the noise equivalent flux (NEF) as a function of the 225 GHz opacity (Fig.
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13). Second, assumptions about the total flux in a line from a galaxy is estimated, resulting
in a minimum observation time calculation (Fig. 14),

FIGURE 13. Prediction of the noise equivalent flux FIGURE 14. Time required to detect galaxy
as a function of 225 GHz opacity emission lines, as a function of 225 GHz opacity.

CONCLUSION

FIBRE achieved first light at the CSO, detecting the Moon at 3651.1m in bad weather
with an atmospheric transmission of —1%. The spectrometer was operating with a spectral
resolving power of — 1200, and the signal amplitude and noise were consistent with
expectations. The TES bolometer and SQUID multiplexer technology has been thus
validated in an astronomical application. The use of a direct detector in a high resolution
spectrometer permits the testing of detectors with lower noise than is required for ground-
based continuum instruments, thereby validating technology more suitable for space-based
instruments. This work is a first step in the direction of placing superconducting bolometer
arrays on a cryogenic space telescope, with the promise of orders of magnitude
improvement in science output over previous missions. Because this is only a first step,
much work remains to be done on all aspect of the system. We anticipate future
observations to study galaxies in the fine-structure line of CI and the CO rotational lines,
and to continue to refine the multiplexed TES detectors in astronomical applications.
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Critical Temperature Dependence of Heterodyne Mixing in Supercon-
ducting Nb based Hot-Electron Bolometers

I. Siddiqi and D.E. Prober
Department of Applied Physics, Yale University, 15 Prospect Street, New Haven, Connecticut 06520-8284

B. Bumble and H.G. LeDue
Center for Space Microelectronics Technology, Jet Propu sion Laboratory, Caltech, Pasadena, California
91109

Nb hot-electron bolometers (HEBs) with critical temperature T. = 5 to 6 K have previously demonstrated
good heterodyne mixing performance at THz frequencies. HEBs with a lower critical temperature are pre-
dicted to have improved performance with lower noise. We present microwave (30GHz) mixing measure-
ments on Nb HEB mixers with T, between 1.4 and 5.3 K. The reduced T, is obtained by application of a
magnetic field, or by use of a bi-layer microbridge of Nb and Au with 'F e = 1.6 K. The mixer output noise
and voltage range of low mixer noise are observed to decrease approximately linearly with reduction of T.
The Nb-Au mixer has a mixer noise temperature TM = 50K (DSB) with reasonable dynamic range, and

thus is promising for future single pixel and array receivers for THz spectroscopy.

Heterodyne spectroscopy at terahertz
frequencies is a sensitive tool for identify-
ing molecular species important in star
formation and in atmospheric chemistry
processes. 1 Hot-electron bolometer (HEB)
mixers are well suited for such space-
borne and ground-based astronomical ap-
plications. Unlike superconductor-
insulator-superconductor (SIS) mixers, the
HEB is not limited by the superconducting
energy gap frequency and can operate at
several terahertz. 2 '3 Also, diffusion-cooled
FMB mixers can have very large interme-
diate frequency (IF) bandwidths; up to 9
GHz has been demonstrated. 4 HEB mix-
ers are considerably more sensitive than
Schottky diode mixers, which have been
used for higher frequency applications
where SIS mixers are limited by the gap
frequency or by RF losses.

The HEB mixer consists of a nar-
row, thin superconducting microbridge con-
tacted with thick normal-metal films; see

Fig. 1. The microbridge operates in the re-
sistive state, due to application of local os-
cillator (LO) power and DC bias. When the
RF signal is applied, the electron tempera-
ture of the microbridge (and thus the device
resistance) oscillates at the IF. The IF
bandwidth is determined by the inverse of
the thermal relaxation time for cooling the
hot electrons in the microbridge. 5.6 Diffu-
sion-cooled Nb mixers use hot-electron out-
diffusion for cooling. 6 These have demon-
strated very low noise at 2.5 TI-lz with re-
ceiver noise temperature TR = 1800 K
(DSB). 4 The mixer noise temperature TM is
estimated to be 350 K (DSB) for a similar
device measured also at 2.5 THz. 7 NbN
phonon-cooled mixers also have good per-
formance.3'8

Diffusion-cooled HEB mixers con-
sisting of a superconductor with lower
critical temperature (TO are predicted to
have improved performance."° In opti-
mized HEBs, thermal fluctuation noise is

127



Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

Figure 1: Superconducting mixer geometry for
the Nb-Au HEB, device B. The thin layer of Au
above the Nb lowers the Tc of the microbridge.
The Nb HEB mixer, device A, has no gold
layer on top of the microbridge.

the dominant noise source neglecting quan-
tum effects. In this case, T M is predicted to
decrease linearly with Te. 11 Another ad-
vantage of lowering the microbridge Te is
that the required LO power decreases. The
LO power for a diffusion cooled mixer is
predicted to be 12 

PLO (4E/11) (T2-T2),

where L = 2.45x10 -8 W-C2/1(2 is the Lorenz
constant, R is the electrical resistance, and
T is the temperature of the normal banks.
For optimum performance one has T Tc,
and thus PLO 

oc Te
2 , being in the range 1. —

30 nW. Since output power from solid
state LO sources at terahertz frequencies
may be limited to 1.1W, a mixer with a small
required PLO is desired, especially for
space-borne missions and large format ar-
rays.

A HEB mixer with reduced Tc
should have improved performance, but
will also be more susceptible to saturation
effects that degrade TM. Such effects can be
important in a THz receiver but are negligi-
ble in the microwave measurements. TM is
given by TM (DSB) = Tout / 2fl, with 11 the
conversion efficiency and Tou t the output
noise temperature. TM is minimum only
over a finite voltage range but then in-

creases due to the decrease of Input
saturation will occur when the absorbed RF
background power is — 0.2 PLO , as this re-
duces 11.

13,14 
Output saturation is due to RF

background power downconverted to the IF
which causes the voltage to deviate far
from the optimum bias voltage. We charac-
terize the voltage range for which TM re-
mains within a factor of two of its lowest
value as AA/op t. Simulations we have con-
ducted 13 using a discretized model for the
microbridge" suggest that AVopt will scale
approximately linearly with Tc, for the sim-
pie case where the contacts to the micro-
bridge do not perturb the superconductivity
in the microbridge. This is the case for Nb
devices. (In the case of Al HEBs, 13 ' 1617 the
voltage range is further reduced due to con-
tact effects.) The value T we report in
the Table and Fig. 3 below is an average of
TM over the 201iV interval of bias voltage
for which this average is lowest. This defi-
nition provides a more realistic value of the
expected mixer noise temperature in a re-
ceiver where averaging due to background
noise or bias variations might be present.

We report here on two Nb HEBs.
The first, a Nb HEB, device A, was fabri-
cated at JPL. Similar devices were previ-
ously measured in zero magnetic field at
20, 600, 1200, and 2500 GHz. 

4,7,18-20 

The
dimensions are 0.081stm wide, 10 nm thick,
and length L= 0.24m. Ti

c in zero field is
5.3 K and is reduced to 1.4 K by applying a
perpendicular magnetic field. The IF
bandwidth is 1.4 GHz. The Nb-Au HEB,
device B, was fabricated at Yale using dou-
ble angle deposition. 21 A thin bilayer resist
is used as the liftoff stencil. A thin (10 nm)
Nb film is first sputter deposited at normal
incidence, followed by Au which is sputter
deposited at a 45 degree angle. A thick
layer of gold deposits on the contacts, mak-
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3 4 5
T (K)

Figure 2: Resistance vs temperature curves for
the Nip HEB, device A, with H=0,1,1.5,2,2.5T
and the Nb-Au HEB, device B, in zero magnetic
field.

ing them non-superconducting, and a thin
layer of Au (about 10 mn) deposits on top
of the Nb microbridge, lowering its T.
The Nb-Au HEB is 0.20 pm wide and L =
0.48 m. Te in zero applied magnetic field
is 1.6K. The measured IF bandwidth is 1.2
GHz, consistent with that predicted from
the length and diffusion constant (deter-
mined from Hc2). R(T) curves are given in
Fig. 2 for the Nb I-11B, device A, in various
magnetic fields and for the Nb-Au HEB in
zero field, device B. A third device, a Nb
HEB was also studied. Some of its proper-
ties were previously reported. 14 It followed.
the trends of device A. However, it dis-
played a two-step transition in zero field.,
which broadened dramatically with applica-
tion of a field. Its noise was about twice
that of the Nb HEB, device A, which we
ascribe to the unusual transition shape. We
therefore do not list that device. The meas-
urements use a liquid 3He cryostat equipped
for microwave mixing measurements up to
40 GHz, at T = 0.2 K. Temperatures up to
(1/2)Tc could be used without significant
performance degradation. For each value

of Te, the LO power and DC power is ad-
justed to optimize for the conversion effi-
ciency. Microwave measurements are em-
ployed for their rapid turnaround, low
background noise, and ease of calibration..
Past studies of Nb devices" showed rea-
sonable correlation between such micro-.
wave measurements and THz mixing re-
suits. A summary of the device parame-
ters is presented in the Table. Lut and
are measured at 1.4 GHz, and values listed
in Table I are those extrapolated to IF = 0
using the established frequency depend-
ence. The values of fm in the Table and
Fig. 3 me at IF = 1.4 G-Hz.

Achieving low mixer noise is the
key. The minimum"rm for both devices is
given as a function of Tc in Fig. 3. For

device A, fm. decreases linearly with the
reduction of Te, down to Te '-  K, and then
increases for lower values of Tc. The de-
crease of rm with reduction of T e is consis-
tent with theoretical expectations, and re-
sults simply from the reduction of thermal
fluctuations if 11 is independent of T. Spe-
cifically, the theory in Ref. 11 predicts TM —
'lc when operating with very small conver-
sion loss and thermal fluctuations dominat-
ing all other noise processes. We observe a
linear decrease in mixer noise temperature
with Tc, as predicted, but with larger con-
version loss (maximum conversion effi-
ciency fl = -11 dB). The reason for the in-
crease of TM for device A for Tc < 3.3 K is
the reduction of ri for applied fields of 2
and 2.5 T, for 're = 2.4 and 1.4 K respec-
tively (see Table). This reduction of 11

likely results from the very small critical
currents obtained at the largest fields (0.5
IAA at 2.5 T), indicating non-uniform super-
conductivity occurs at the largest fields.
This can be seen in Fig 2, where the resis-
tive transitions at 2 and 2 T are seen to
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Table I: Nb HEB mixer parameters. The conversion efficiency and output noise reported are
IF=0 values. The 1' li sted is the minimum averaged over 200/, as also in Fig. 4.

Device T, H lc(0) Toutput 11 fm (K) AVopt (pV)
(K) (T) (pA) (K) (dB) 

(A) Nb 5.3 0 100 26 -11 170 200

4.0 1.0 13 16 -11 110 135

3.3 1.5 7 14 -11 95 130

2.4 2.0 4 10 -15 180 90

1.4 2.5 0.5 4 -20 250 40

(B)Nip-Au 1.6 14 3 -12.5 50 130

have very large fractional temperature
widths. The small critical current at 2.5 T
of device A, 0.5 gA, can be compared with
the critical current of the Nb-Au device
which has a similar Te, for which l e ---- 14
jilk. For the Nb-Au HEB, larger conver-
sion efficiency results and ri„ = 50 K. PLO

for the Nb-Au HEB is 2 nW compared to
0.4nW for device A at 'F e = 1.4 K. The
resistive transition of this Nb-Au device,
in Fig. 2, is more uniform and narrower
than device A at 2.5 T. We believe that
the relatively large critical current, low
mixer noise, 7 = 50 K (DSB), and rela-

tively good conversion efficiency ( ri = -
12.5 db) are characteristic of a reduced-T,
device with a sharp transition. Another
Nb-Au device has similar properties to
device B.

For a practical mixer, low noise
operation must be achievable over a rea-
sonable operating range. The IV curve

and TM as a function of bias voltage are
shown for the Nb-Au, device B, in Fig. 4.
The IV curves are for PLO = 0 and for PLO =

nW, the absorbed power which gives the

(K)

Figure 3: Mixer noise temperature from Table I
for devices A (squares) and B (circle) as a func-
tion of L. Tbath= 0.2K. The dashed line is the
expected linear decrease in noise temperature
resulting from a decrease in thermal fluctuations.
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minimum value of TM. The critical current
when increasing the voltage is 1411A ., small
thermal hysteresis is seen in Fig. 4. The
minimum TM = 45 K, occurs just above 150

We show data for TM only for those
voltages for which operation is completely
stable. TM remains below 90 K for voltages
between 150 and 280 WV, giving a voltage
range AVopt =-- 130 p:V. For PLO between 2
and 4 nW, the minimum TM remains below
50 K. For PLO between 1 and 7 nW, TM <
100 K. Thus, for array applications, small
variations in the optimum P 1 0 for each
element due to fabrication imperfections or
pixel-to-pixel differences in the coupled
PLC) should not result in a significant change
in the noise temperature of each pixel. We
list AVopt and other microwave parameters
for both devices at all fields in the Table.
We see in the Table that AVopt decreases
approximately linearly with reduction of Te
for the Nb HEB.

We finally consider saturation is-
sues. For Device A, AVopt scales approxi-
mately linearly with Tc, as shown in the
Table, in good agreement with numerical
calculations. 14 These predict AVopt

1001,N for a HEB with a uniform T e = 1.6K
along the length of the bridge. With the
experimental value AVop t — 130 ptV, we
estimate for the Nb-Au HEB the level of IF
power which would begin to produce out-
put saturation as approximately 40 pW at
the IF. This corresponds to a background
noise temperature Tback = 13,000 K with an
IF bandwidth of 2 GHz, assuming i = -12.5
db (total RF bandwidth of 4 GHz due to
both sidebands). Such a large level of
background noise is not expected in typical
applications. 22 Input saturation would result
if the coupled broadband background noise
power is comparable to PLO = 2nW. For re-
ceivers with 200 GHz RF bandwidth, the

Figure 4: Mixer noise temperature and con-
version efficiency for the Nb-Au HEB, device
B, as a function of bias voltage. TM is the
mixer noise temperature at that voltage. The
heavy bar shows the 20mV range over which
the average of Tm (tM ) is found.

incident background power is 0.5 nW for
Tback = 200 K. The Nb-Au HEB should thus
show no significant saturation effects.
Overall, the Nb-Au HEB shows better per-
formance than a Nb HEB in a magnetic
field. In applications where the instantane-
ous RF bandwidth is very large (�. 0.5
THz), Nb-Au devices with slightly higher
T0, for increased PLO, can be used to avoid
input saturation. Such devices can be pro-
duced with a thinner Au layer. Thus, the
Nb-Au HEB looks very promising for THz
applications with low mixer noise and very
small required LO power, and should pro-
vide sufficient dynamic range for the an-
ticipated applications.
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Terahertz Initiatives at the
Antarctic Submillimeter Telescope and Remote Observatory

(AST/R0)
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and Christopher K. Walker (U. Arizona)

ABSTRACT

The Antarctic Submillimeter Telescope and Remote Observatory (AST/R0)
is a 1.7-meter diameter offset Gregorian instrument located at the NSF
Amundsen-Scott South Pole Station. This site is exceptionally dry and
cold, providing opportunities for Terahertz observations from the ground.
Preliminary analysis of recent site testing results shows that the zenith trans-
parency of the 1.5 THz atmospheric window at South Pole frequently ex-
ceeds 10% during the Austral winter. Routine observations at 810 GHz
have been conducted over the past two years, resulting in large-scale maps
of the Galactic Center region and measurements of the 13 C line in molecular
clouds. During the next two years, the observatory plans to support two
Terahertz instruments:

1) TREND Terahertz Receiver with Niobium Nitride Device K. S.
Yngvesson, University of Massachusetts, P. I.), and

SPIFI (South Pole Imaging Fabry-Perot Interferometer—G. J. Stacey,
Cornell University, P. I.).
AST/R0 could be used in future as an observational test bed for additional
prototype Terahertz instruments. Observing time on AST/B0 is available
Oh a proposal basis (see http: fief a-www .harvard. eduiti-adair/AST_RO).

I. The AST/R0 Instrument

The Antarctic Submillimeter Telescope and Remote Observatory (AST/110) is an
instrument routinely used for the measurement of submillimeter-wave spectral lines over
regions several square degrees in size toward the Milky Way and Magellanic Clouds.
AST/R0 is a 1.7m diameter offset Gregorian telescope, with optics designed for wave-
lengths between 200 pm and 3 mm. All of the optics in AST/RO are offset for high
beam efficiency and avoidance of inadvertent reflections and resonances. The design of
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AST/R0 is described in Stark et al. (1997) . AST/R0 site testing, logistics, capabili-
ties, and observing techniques are described in Stark et al. (2001).

Currently, there are the heterodyne receivers mounted on an optical table sus-
pended from the telescope structure in a spacious (5m x 5m x 3m), warm Coude room:

1. a 230 GHz SIS receiver, 8,5 K double-sideband (DSB) noise temperature (Kooi
et al. 1992)

2. a 450-495 GHz 515 quasi-optical receiver, 165-250 K DSB (Engargiola et al.
1994, Zmuidzinas LeDue 1992);

3. a 450-495 GHz 515 waveguide receiver, 200-400 K DSB (Walker et al. 1992, Kooi
et al. 1995), which can be used simultaneously with

4. a 800-820 GHz fixed-tuned 515 waveguide mixer receiver, 950-1500 K DSB (Hon-
ingh et al. 1997);

5. an array of four 800-820 GHz fixed-tuned SIS waveguide mixer receivers, 850-1500
K DSB (the PoleSTAR array, see http /is oral . as . arizona eduipole-star
and Groppi et al. 2000).

Spectral lines observed with AST/I10 include: CO J = 2 1, CO J = 4 3.
CO --+ 6, HDO J = 0o,o, IC I] 

3 .P1 -÷ 3 P0, [C 3P9 3 P1 , and
[ 13 C 3P2 --+ 3 P1 . A proposal is currently pending to the Smithsonian Institution to
purchase a local oscillator to cover 650-700 GHz, a frequency range which includes the
' 3 C0 J = 5 line. There are four currently available acousto-optical spectrometers
(AOS), all designed and built at the University of Cologne (Schieder et al. 1989): two
low-resolution spectrometers with a bandwidth of 1 GHz (bandpass 1.6-2.6 GHz); an
array AOS having four low resolution spectrometer channels with a bandwidth of 1 GHz
(bandpass 1.6-2.6 GHz) for the PoleSTAR array; and one high-resolution AOS with 60
MHz bandwidth (bandpass 60-120 MHz).

AST/RO has been open to proposals from the general astronomical community
since 1997. AST/RO research is a three part effort, where approximately equal time is
given to each of these initiatives:

1. large-scale surveys of regions of general interest: the Galactic Center and the
Magellanic Clouds;

2. support of observations of special interest, through observing proposals solicited
from the worldwide astronomical community;

3. support of technology development, by making the telescope available for instal-
lation and trial of novel detectors, especially detectors at Terahertz frequencies.
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from Three Sites. These
plots show data from identical
NRAO-CMU 350 pin broadband
tippers (Radford Sz Peterson, un-
published data) located at Mauna
Kea, Hawaii; the ALMA site at
Chajnantor, Chile; and South
Pole during 1998. The upper plot
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broadband 350 itm opacity. The
first 100 days of 1998 on Mauna
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that site. During the best weather

0 at the Pole, (aT ) was dominated35
by detector noise rather than sky
noise.

IL Site Testing

The South Pole is an excellent millimeter- and submillimeter-wave site (Lane
1998, Chamberlin k Bally 1994, Chamberlin et al. 1997, Chamberlin 2002). It is
unique among observatory sites for unusually low wind speeds, absence of rain, and
the consistent clarity of the submillimeter sky. Schwerdtfeger (1984) has comprehen-
sively reviewed the climate of the Antarctic Plateau and the records of the South Pole
meteorology office. Chamberlin (2001) has analyzed weather data to determine the
precipitable water vapor (PWV) and finds median wintertime PWV values of 0.3 mm
over a 37-year period, with little annual variation. PWV values at South Pole are small,
stable, and well-understood.

Submillimeter-wave atmospheric opacity at South Pole has been measured using
skydip techniques. We made over 1100 skydip observations at 492 GHz (609 pm) with
AST/RO during the 1995 observing season (Chamberlin et al. 1997). Even though
this frequency is near a strong oxygen line, the opacity was below 0.70 half of the time
during the Austral winter and reached values as low as 0.34, better than ever measured
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Fig. 2: Simultaneous Opacity Measurements from Three Instruments at the
South Pole. These plots show data from AST/R0 skydips, the NRAO-CMU 350
lull broadband tipper (Radford & Peterson, unpublished data), and a submillimeter-wave
Fourier Transform Spectrometer (FTS, Chamberlin 2002) in July and early August of 2001.
The AST/RO data are from skydips taken for calibration purposes during observations;
they agree well with the FTS measurements at 808 GHz. The FTS measurements at 868
GHz are shown for comparison with the NRAO-CMU broadband measurements, which
are centered at that frequency. Note that the NRAO-CMU tipper values are monotonically
related to the FTS measurements, but show an offset and compression of scale. The bottom
plot shows a preliminary reduction of FTS measurements at 1.452 THz, and indicates T < 2
for a significant fraction of the time. Usually August and September are the best months at
the Pole; these observations unfortunately had to be stopped early because of insufficient
liquid helium supplies.

at any ground-based site. The stability was also remarkably good: the opacity remained
below 1.0 for weeks at a time. From early 1998, the 350pm band has been continuously
monitored at Mauna Kea, Chajnantor, and South Pole by identical tipper instruments
developed by S. Radford of NRAO and J. Peterson of Carnegie-Mellon U. and the
Center for Astrophysical Research in Antarctica (CARA). Results from Mauna Kea
and Chajnantor are compared with South Pole in Figure 1. The 350117n opacity at the
South Pole is consistently better than at Mauna Kea or Chajnantor.

A new Fourier Transform Spectrometer developed by R. Chamberlin and collabo-
rators was operational at the Pole during some of the winter of 2001. This instrument
measures a broadband spectrum covering 300 GHz to 2 THz as a function of airmass
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Fig. 3: Calculated atmospheric
transmittance at three sites.
The upper plot is atmospheric trans-
mittance at zenith calculated by J.
R. Pardo using the ATM model
(Pardo et al. 2001). The model uses
PWV values of 0.2 mm for South
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not a simple predictor of submilli-
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several times each hour. Some of these data are shown in Figure 2. The zenith trans-
parency at 1.452 THz (near an important IN II] line) exceeded 10% for almost the entire
first week of August 2001. The observed relation between the NRAO-CMU tipper and
the 1.452 THz measurements indicates that it will be possible to observe the A205 ,urn
[N II] line about 30 days each year.

The South Pole 25% winter PNVN T levels have been used to compute values of
atmospheric transmittance as a function of wavelength which are plotted in Figure 3.
For comparison, the transmittances for 25% winter conditions at Chajnantor and Mauna
Kea are also shown.

Sky noise is caused by fluctuations in total power or phase of a detector caused by
variations in atmospheric emissivity and path length on timescales of order one second.
Sky noise causes systematic errors in the measurement of astronomical sources. Lay
Halverson (2000) show analytically how sky noise causes observational techniques to fail:
fluctuations in a component of the data due to sky noise integrates down more slowly

0
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to determine the the density and
temperature in the features shown
here.

than t -1/2 and will come to dominate the error during long observations. Sky noise at
South Pole is considerably smaller than at other sites, even comparing conditions of the
same opacity. The PWV at South Pole is often so low that the opacity is dominated by
the dry air component (Chamberlin Sz Bally 1995, Chamberlin 2001, cf. Figure 3); the
dry air emissivity and phase error do not vary as strongly or rapidly as the emissivity
and phase error due to water vapor.

III. 810 GHz Observations at AST/R0

AST/110 has detected the isotopic [ 13 C I ] 3 P2 
3 P1 fine-structure transition in

three galactic regions: G 333.0-0.4, NGC 6334 A, and G 351.6-1.3. This is only the
second time that this line have been successfully observed, the previous detection being
a single spectrum obtained with the Caltech Submillimeter Observatory toward the
Orion Bar (Keene et al. 1998). The [ 13 C I: line was observed simultaneously with the
CO J = 6 line emission at 806 GHz (Tieftrunk et al. 2001).

Essentially all of the NGC 6334 Giant Molecular Cloud was mapped in 492 and
810 GHz [C I] and the CO J = 7 6 and J = 4 3 spectral lines. The data show
that high excitation temperatures exist throughout most of the cloud volume. Detailed
modeling is in progress to account for the observed line intensities and ratios (Yan et
al. in preparation).

An up-to-date bibliography of AST/R0 publications can be found at the AST/R0
website http://cfa-www.harvard.eduP-adair/AST_RO.
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Fig. 5: AST/R0 Receiver Room Configurations. On the left is the current config-

uration of pallets in the AST/R0 receiver room, looking downwards to the Coude focus.
At right is a proposed configuration circa 2004, with the TREND 1.4 THz HEI3 mixer and
its laser local oscillator installed. A "Guest Instrument Pallet" would permit testing of
high-frequency prototypes.

Iv. Terahertz Initiative

Two new short wavelength instruments are in development for use on AST/RO:

• Dr. G. Stacy and collaborators have developed the South Pole Imaging Fabry-
Perot Interferometer (SPIFI, Swain et al. 1998), a 25-element bolometer array
preceded by a tunable Fabry-Perot filter. This instrument was successfully used
on the 3CMT in May 1999 and April 2001 and is being modified with new in-
strumentation, cryogenics, and detectors for South Pole use. SPIFT is frequency
agile and can observe many beams at once, but has limited frequency resolution

100 km s- 1 ) and scans a single filter to build up a spectrum.

• Dr. S. Yllgvesson and collaborators (Gerecht et al. 1999, Yngvesson et al. 2001)
are developing a 1.5 THz heterodyne receiver, the Terahertz Receiver with Nio-
bium Nitride Device (TREND). TREND has only a single pixel and is not fre-
quency agile. Its HEB device requires high local oscillator power levels; we will
use a laser local oscillator source which requires that the gas be changed in order
to change frequencies. The frequency resolution of TREND is high  2'IVIElz),
limited by the stability of the laser.

In addition, Dr. D. Prober and collaborators are developing a low-noise. low-power 1.5
THz heterodyne receiver based on aluminum and tantalum HEB technology which may
be tested on AST/RO.
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Deployment of these technologies on a ground-based telescope is a path of tech-
nological development that has exciting prospects. On AST/110, the 35" beam size
and high spectral resolution (4-- OA km s- 1 ) of Terahertz receivers will allow the study
of galactic star-forming regions and large-scale studies of nearby galaxies. In future,
these detectors could be used on the South Pole Submillimeter Telescope (SPST),
8-meter telescope (see NRC 2001), which would have a beamsize of  7".

V. Conclusion

We hope to begin ground-based Terahertz observations with AST/RO in 2003.
Routine observations have been carried out in the 350 ,um window over the past two
years, and our experience has been that such observations are possible more than 100
days each year. Site testing with a new Fourier Transform Spectrometer, combined \A T h
long-term measurements from the NRAO-CMU tipper, indicates that observations in
the 200 pin window should be possible about 30 days each year. Two Terahertz detector
systems, SPIFI and TREND, are scheduled for installation in the next two years. We
expect that after initial tests and observations these instruments will become available
for astronomical use on a proposal basis. AST/R0 is also open to proposals for tests
of other prototype Terahertz instruments in the coming years.

We thank Simon Radford of NRAO and Jeff Peterson of CMU for the data shown in
Figure 1. We thank Juan R. Pardo of Caltech for discussions on atmospheric modeling
and for carrying out the calculations shown in Figure 3. The AST/RO group is grateful
for the logistical support of the National Science Foundation, Antarctic Support As-
sociates, Raytheon Polar Services Company, and CARA during our polar expeditions.
This work was supported in part by United States National Science Foundation grant
DPP88-18384, and by the Center for Astrophysical Research in Antarctica and the NSF
under Cooperative Agreement 0PP89-20223.
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Abstract
We present the first results obtained with our new dual frequency SIS array receiver

SMART'. The instrument is operational since September 2001 at the KOSMA 3m
telescope on Gornergrat near Zermatt/Switzerland. The receiver consists of two 2x4
pixel subarrays. One subarray operates at a frequency of 490 GHz, the other one at
810 GHz. Both subarrays are pointed at the same positions on the sky. We can thus
observe eight spatial positions in two frequencies simultaneously. For the first year of
operation we installed only one half of each subarray, i.e. one row of 4 mixers at each
frequency.

The receiver follows a very compact design to fit our small observatory. To achieve
this, we placed most of the optics at ambient temperature, accepting the very small
sensitivity loss caused by thermal emission from the optical surfaces. The optics setup
contains a K-mirror type image rotator, two Martin-Puplett diplexers and two solid
state local oscillators, which are multiplexed using collimating Fourier gratings. To
reduce the need for optical alignment, we machined large optical subassemblies mono-
lithically, using CNC milling techniques. We use the standard KOSMA fixed tuned
waveguide SIS mixers with Nb junctions at 490 GHz, and similar Nb mixers with Al
tuning circuits at 810 GHz.

We give a short description of the front end design and present focal plane beam
maps, receiver sensitivity measurements, and the first astronomical data obtained with
the new instrument.

Introduction
At last year's conference [1], 12] we introduced our design of a dual-frequency eight-

pixel SIS-heterodyne receiver SMART'. SMART's unique feature is that it simultane-
ously measures in the 650 pm and the 350 itm atmospheric windows, thus combining
and extending the frequency coverage of the other two currently installed submillimeter
arrays CHAMP [3] and Pole STAR 141. SMART is mainly intended for simultaneous
mapping of the two fine structure transitions of neutral atomic carbon at 492 GHz and
at 809 GHz. The large frequency coverage also allows to measure a variety of other
spectral lines in this frequency range, for instance the carbon monoxide (GO) rotational
transitions at 460. 807 and 880 GHz. The simultaneous measurements of different spec-
tral lines in several spatial pixels enhances the data quality by eliminating a number of
calibration and pointing uncertainties [5].

1 Sub-Mi11imeter Array Receiver for Two frequencies
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Opt o—mechanical Design
In order to fit into the limited space available at the KOSMA 3m telescope [61, the

instrument was designed to be very compact. We therefore decided to place essentially
all optical elements at ambient temperature. It is obvious that the thermal emission of
these elements will degrade the receiver sensitivity to some extent. However, it turned
out that the combined effect from a total of 14 warm surfaces only adds a very small
amount to the receiver noise temperature.

Figure 1: Photograph (left hand panel) and drawing (right hand panel) of SMART
mounted at the KOSMA telescope.

Fig. 1 shows a photograph and a schematic drawing of the instrument mounted at
the telescope. The main units of the receiver are:

• a K-type image rotator to compensate the image rotation introduced by the alt-
az-mounted telescope when tracking an astronomical source,

• the diplexer assembly containing two identical Martin-Puplett-interferometers,
which combine the signal beams and the LO-beams,

144



Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

• the LO-unit, which produces the two LO-signals and splits them into eight beams,
each

• the dewar containing the mixer units, and

• the electronics rack with the instrument control electronics.

The imaging optics consist of two gaussian telescopes made of ellipsoidal and hy-
perboloidal mirrors. A first set of two mirrors reimages the telescope's focal plane to
the optical center of the diplexers to create large beam waists in the diplexer. These
waists are reimaged with a second gaussian telescope to the output waists of the mixer
units. In order to minimize abberations, all reflection angles are kept small (24° or
32°) and all mirrors have long focal lengths (300 to 1900 mm). The dewar window has
been placed between the mirrors of the second gaussian telescope, at the image of the
telescope's primary mirror, where the total beam cross section is minimal.

Figure 2: Assembly containing all optical elements inside the dewar. The mixer units
(Fig. 3) together with a polarizer grid and a common imaging mirror are sandwiched
between two identical CNC-machined plates.

Within the dewar (Fig. 2). the optics consist of the last mirror common to all
mixers, a polarizer grid, and two similar mixer units. These mixer units (Fig. 3)
are CNC-machined quasi-monolithic integrated optics components, each of which is
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holding 8 mixers in two rows of four. Within the units, the mounting surfaces for
the mixers and their collimating mirrors are machined in a single machining cycle with
very high precision, thus eliminating the need for an individual alignment of the mixers.
Similarly, all the optical elements inside the dewar are sandwiched between two precision
machined plates, which hold them with high enough accuracy that no further alignment
is required.

Figure 3: Drawing of the 490 GHz mixer unit (left hand panel) and photograph of the
major components (right hand panel). It contains a facetted mirror to collimate the
beams from the eight mixer horn antennas. The mixers are held by their feed horns,
which are inserted in precision reamed holes in the mixer unit. The eight mirror facets
cover an area of 84 x 42 mm2.

The first optical element in the diplexer unit (Fig. 1) is a wire grid, which splits
the polarization of the incoming signal beams to separate the optical paths for the
two frequencies. At the same time, this grid couples the LO—beams onto the signal
beams with orthogonal polarizations. The two Martin—Pupiett—interferometers match
the LO—polarizations to the signal polarizations. A second polarizer grid recombines
the beams before they leave the diplexer unit.

We use two local oscillator chains with orthogonal polarizations. Each LO is split
by a collimating Fourier grating (Fig. 4 [2]) into eight identical beams, matching the
mixer arrangement. A polarizer grid combines the LO beams before injecting them into
the diplexer unit.
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Figure 4: Photograph of the two collimating Fourier gratings used with SMART. Each
grating collimates an incoming diverging LO beam and splits it into eight identical
beams in a 2x4 arrangement. The grating on the left hand side with the smaller
structure is for the 810 GHz frequency band, the one on the right hand side is for the
490 GHz band.

The image rotator is a computer controlled rotating arrangement of three mirrors
in an asymmetric K-configuration. It allows to keep the receiver pixels aligned with
respect to the astronomical source, while the image of the source is rotating in the
telescope focal plane during long term measurements.

Cooling of the instrument dewar is provided by a closed cycle refrigerator [71, which
keeps the SIS-mixers at a temperature of 4 K.

Mixers and Backends
In the 490 GHz frequency band we use the standard KOSMA Niobium SIS mixers

with fixed tuned backshorts [8]. The mixer block design for the 810 GHz mixers is
similar. The SIS devices, however, use a Nb-Al bilayer for the RF tuning circuit, in
order to reduce the losses at frequencies beyond the niobium gap frequency.

The spectrometer backends used with SMART are the KOSMA array AOSs [9].
Each of the units combines four 1 GHz wide AOS channels in one opto-mechanical
setup. The spectral resolution is approximately 1 MHz. Four array AOSs are required
for the complete receiver.
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Electronics
The instrument control electronics is described in more detail in Stanko et al. in

this volume [101. There we also present the control software and the automated receiver
tuning procedure, which we developed to facilitate the operation of the instrument.

In addition to the control electronics, the receiver electronics also comprises the pro-
cessing of the intermediate frequency mixer output signals, which requires the following
functional units:

• amplifiers and filters for the receiver output

• frequency converters to shift the IF to match the AOS's input frequency

• variable at tenuators to match the IF power level to the input level required by
the AOS

• IF power monitors for receiver tuning and continuum observations

• switches to suppress the receiver output for AOS dark current measurements

• a frequency comb signal for the frequency calibration of the AOSs

We developed a compact IF processor for eight receiver channels, a photograph of which
is shown in [10].

Receiver Performance

Figure 5: Receiver noise temperatures measured at the telescope. The dashed lines visu-
alize the sensitivity loss caused by a room temperature diplexer calculated for intrinsic
receiver temperatures of 120 K (at 490 GHz) and 450 K (at 810 GHz).

In Fig. 5 we show the receiver noise temperature at the telescope, simultaneously
measured with all eight currently installed receiver channels. The figure shows the noise
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temperature variation over the 1 GHz wide IF band plotted against AOS channels. Each
backend channel is approximately 1 MHz wide. At 490 GHz the typical minimum noise
temperature is around 150 K, at 810 GHz it is approximately 500 to 600 K. The most
prominent feature in the plot is a curvature in the band. This loss in sensitivity toward
the edges of the IF band reflects the transmission of the diplexer. The dashed lines in
the noise temperature plots indicate the noise temperature functions one would get with
an intrinsic receiver temperature of 120 K (at 490 Gliz) or 450 K (at 810 GHz) looking
through a room temperature Martin—Puplett interferometer. These curves represent
well the measured values. At 490 GHz, where the effect is more prominent, we plan to
increase the noise bandwidth by changing the IF center frequency to 4 GHz.

The most remarkable point in the noise temperature measurement is that, at 810
GHz, we do not see a difference between the receiver temperature measured at the
telescope with the array and the noise temperatures measured with the same mixers
in a single channel test dewar in the laboratory. Thus, SMART at least partly fulfills
the most stringent request imposed on any array receiver: "The noise performance of
the arrays needs to be very close to that of single—pixel receivers if they are to compete"
(cited from [11]).

—40 —20 0 20 40
Position [mm]

Figure 6: Receiver beam pattern measured at the location of the telescope's focal plane.
The red contours are the 490 GHz beams, the black contours are the 810 GHz beams.
Contour levels range from 5% to 95% of the peak intensities. The beam sizes and
spacing fits well with the design values. The slight offset of the 810 GHz beams with
respect to the 490 GHz beams results from a residual misalignment of the diplexer unit.

We measured the beam pattern by scanning the receiver beam in the focal plane
using a chopped cold load (Fig. 6). The beams of the 8 mixers currently mounted are
very clean and have the correct size and spacing. There is a slight offset between some
of the 810 GHz beams and the corresponding 490 GHz beams, which is most likely due
to a slight misalignment in the diplexer unit. However, the overlap between the beams
is still very good.
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First Astronomical Measurements
The power of the array receiver approach becomes evident with the astronomical

data gathered. Even with only half of the mixers installed, SMART is a very fast
instrument and allows to map extended sources in a short time. In Fig. 7 we show
sample spectra obtained during a single integration of 160 seconds duration. With our
IF frequency of 1.5 GHz we can measure the [CI] 3 P2 ---4 3 P 1 line and the CO
line simultaneously in opposite sidebands of the 810 GHz receiver branch. Thus the
data contain a total of 12 spectral lines, 3 lines from each of 4 spatial positions.

W3 IRS5 measured with SMART at KOSMA
simultaneously measured with 160 sec integration time

—50 0 50 —50 0 50 —50 0 50 —50 0 50

—50 0 50 —50 0 50 —50 0 50 —50 0 50
visR [km/s]

Figure 7: Sample spectra obtained simultaneously toward W3 IRS5 during a single 160
sec integration with SMART at the KOSMA telescope. The lower row of panels shows
the 492 GHz flue structure transition of neutral atomic carbon (CI), the upper row
shows the 810 GHz fine structure line of CI and the 807 GHz transition of CO.
Pixel offsets are indicated in each panel.

Conclusions
We have built and installed the world's first dual frequency submillimeter heterodyne

array receiver SMART. The optical alignment of the instrument is very simple because
of the innovative integrated optics approach taken in the design. With its low receiver
temperature and its good optical performance. SMART is a very powerful instrument
for astronomical submillimeter spectroscopy.
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Abstract. BLAST the Balloon-borne Large Aperture Sub-millimeter Telescope, will have
three bolometer arrays operating at 250, 350, and 500 pm, with 149, 88, and 43 detectoi-s
respectively. The arrays will be cooled to 300 rnK so that the receiver's noise (NEFD) will
be dominated by photon shot noise and atmospheric emission. Because of the high (35 km)
altitude of balloon observations, atmospheric noise will be low and we expect NEFDs less
than 241 mJy/H: 1 2 in all channels. A 2.0 m diameter spherical mirror will give diffraction
limited resolutions of 30, 41, and 59" respectively.

The first test flight, planned for early 2003, will last 6-24 hours across North
America. Long-duration balloon flights from Antarctica will begin in late 2003 and will
last 14 days. BLAST will yield data on astronomical problems as close as nearby stars and
as far away as the beginnings of the Universe.

1. INTRODUCTION

The Balloon-borne Large Aperture Sub-millimeter Telescope (BLAST) is designed
to produce wide (1-10 deg2) maps of the sky at wavelengths of 250, 350 and 500 gm.
Because of the dramatically increased atmospheric transmission at balloon altitudes,
BLAST will be far more sensitive than existing bolometer arrays. Full advantage of the
bolometric focal-plane arrays, being developed for the Herschel satellite [1], will be made.
A 20 hour observation, during the planned long-duration balloon (LDB) flights, will map a
square degree of sky to the confusion limit at each of BLAST's operating frequencies. The
scientific goals [2] of these surveys include:

• The identification of galaxy populations responsible for the sub-millimeter
background and measurement of their clustering on scales of 0.1-10 degrees.

• The measurement of the spectral energy distributions (SED) and colors of selected
sub-millimeter galaxies to give their rest-frame luminosities and star formation rates.

• Placing constraints on evolutionary models and high red-shift star formation histories
of starburst galaxies.
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• Surveys of diffuse interstellar emission and dense star forming regions.
• Observations within the Solar system including planets, asteroids and Kuiper-belt

objects.
Quick construction of BLAST was possible due to the use of detector assemblies and filters
similar to those designed for the SPIRE instrument on Herschel. BLAST will provide the
first "flight tests" of these critical components for the later satellite mission.

2. DETECTORS & ELECTRONICS

BLAST will have three focal plane arrays of spider-web bolometers [3]. The arrays
will operate at 250, 350, and 500 gm and will have 149, 88, and 43 pixels, respectively.
Each array is manufactured from a single wafer of silicon nitride and 104E2 bias resistors
are built into the array (Figure 1). The detectors have been optimized for the expected
loading at balloon altitudes. Their predicted NEPs are 3x10 

w/Hzi/2,
-17 which is less than

the expected photon shot-noise from the telescope. They have time constants between 5
and 20 ms, fast enough for efficient mapping.  Each array is fed by close-packed 2fk
conical feedhorns with 2/4 backshorts for efficient coupling of the bolorneters to the
telescope. The field of view of each array is 13" by 6.5" and they observe the same patch
of sky simultaneously.

The bolometers and the horn feeds are cooled to <0.28 K by a helium-3 absorption
refrigerator [4] and are mounted in the SPIRE instrument's detector array assembly, shown
in Figure 1. This assembly minimizes the heat load on the helium-3 refrigerator by
suspending the detectors using Kevlar string from a 2K support structure. Heat conduction
down the >300 wires needed to read out the bolorneters is minimized using cables made of
constantan traces deposited on a Kapton support structure.

Each bolometer is read out using the circuit shown in Figure 2. The bolometers are
AC biased at 400 Hz. Spiderweb bolometers have a high impedance (10 MQ when cold)
so to prevent noise from stray capacitance in the wiring, a matched pair of cooled (120 K)
JFET amplifiers with a gain of 0.98 is placed as close to each detector as possible. Room
temperature electronics amplifies this signal and a 100 Hz wide bandpass filter removes
excess noise. The signal is then digitized. A lock-in to the 400 Hz bias signal is carried out
using software. To prevent RF from entering the cryostat, (which would then be dissipated
as heat in the bolometers), the cables from the cryostat and the room temperature
electronics lie in RF-tight conduit. RF filters separate the analog preamplifier circuits from
the digital stages.

Because BLAST has 280 detectors wiring is non-trivial. The electronics and
cabling are modular, each unit serving 24 bolometers. To save space in the cryostat, the
JFET units are constructed from bare die, bonded to FR4 circuit boards. One such module
is shown in Figure 2.
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Figure 1. The array of 350 lam detectors to be used on BLAST is shown on the left and on
the right is the SPIRE detector assembly that will house the wafer.

Band (p,m) 250 350 500
Number of pixels 149 88 43
Beam EVVHM (r) 30 41 59
Background Power (pW) 26 18 14
Background NEP (x10-17 WA/Hz) 20 14 10
NEFD (mJy/Ais) 236 241 239
SCUBA'S NEFD (mJytqs) - 1100 1001

SOFIA'S NEFD (m.Tyks) 550 - -

AS (la, lhr, 1 deg2) (m-JY) 38 36 36

Table 1. : Beam and sensitivity parameters for BLAST. The sensitivities
obtainable by the SCUBA and SOFIA receivers have been added for comparison.

3. CRYOSTAT & CRYOGENICS

The blast cryostat has a 53.1 1 nitrogen tank, a 30 K vapor-cooled shield and a 36.7 1

helium tank. The expected hold time is 12 days, limited by the nitrogen. To achieve this
hold time, essential for LDB balloon flights, the JFET modules are mounted on a G10 tube
suspended from the nitrogen tank. In this way the —3 mW of heat produced by the JFETs is
dissipated to the liquid nitrogen. Dissipating this much heat to the helium bath would
shorten the hold time to 4 days.

Since the total loading on the helium-3 refrigerator is estimated to be <30 ilW it will
have a hold time more than 40 hours. When exhausted, the refrigerator is recycled off a
pumped helium-4 bath in a process that takes less than an hour. To conserve liquid helium,
the main helium tank is not pumped. Instead, the helium-3 refrigerator is recycled off a
small pumped helium pot connected to the main helium bath by a capillary [4].
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Figure 2. The electronics used to read out a single bolometer. To fit cold electronics for
255 bolometers in the cryostat, miniaturization was needed. On the right is a 24 channel
JFET module.

4. OPTICS AND GONDOLA

BLAST is a Casigrain telescope with a 2 m primary mirror. The mirror, which is
on loan to the project from NASA, is made of carbon fiber and weighs only 32 kg. The
mirror has a f12 spherical shape and a surface rms of 5 lam. The secondary mirror and
reitnaging optics in the cryostat correct for the spherical shape of the primary to give
diffraction limited performance over a 14' by 7' field-of-view. To prevent spill-over from
the ground only 1.9 m of the primary mirror is illuminated. The antenna efficiency is
estimated to be over 80% and its emissivity is below 0.04. When the coupling efficiency of
the bolometers and reflections from the filters are taken into account a telescope efficiency
of 30% is achieved.

The BLAST reimaging optics, shown in Figure 3, are cooled to 2 K. All the mirrors
and the detector arrays are mounted on a vertical "optics bench", enclosed in a light tight
box. Where the beam enters the box, capacitive mesh filters define a band of 208 to 588
l_tm. The Casingrain focal plane is reimaged onto each array by two elliptical mirrors with
a reflecting Lyot stop between them. After the second mirror, dichroic beam splitters
(capacitive mesh) split the beam into the individual bands which are directed to their arrays
via optical flats. Additional filters over each array are used to sharpen the edges of the
bands. This design allows easy alignment before installation into the cryostat and shields
the detectors from stray light.

The BLAST gondola consists of a precision-pointed inner frame on which the
primary and secondary mirrors, a near-field baffle and the cryostat are mounted. The inner
frame is supported by a stiff outer frame that is suspended from the gondola by four cables.
Both frames are made of welded aluminum. The outer frame will be pointed in azimuth by
a flywheel and an active pivot. The inner frame has an elevation mount with direct-drive
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servo motors that turn it relative to the outer frame. Three orthogonally-mounted laser-ring
gyros provide high bandwidth motion sensing, and a daytime CCD star camera, capable of
seeing magnitude +7 stars, is used to update the gyros and provide pointing measurements
to an accuracy of 4" (after data analysis). Crude pointing of the outer frame will be
provided by a combination of magnetometers and sun sensors. The whole gondola is
surrounded by a sunshield made of mylar sheet stretched over an aluminum frame.

Figure 3. On the left is a cutaway view of the blast cryostat, showing the positions of the
reimaging optics, the arrays and the helium-3 refrigerator. On the right the BLAST
gondola is shown. The base of the gondola is 14 by 9.5 ft, the structure is 25 ft high, and
the total mass is 4300 lbs (loaded).

5. CONCLUSIONS

BLAST will first fly overnight across N. America. Later Artie and Antarctic LDB
flights will provide sub-millimeter maps much more cheaply and more quickly than those
produced by the planned Herschel instrument. An upgrade to a 2.5 m mirror is also
possible. BLAST will observe areas of the sky that are accessible by other lower frequency
instruments such as SCUBA on the JCMT telescope. Such complementary observations
will allow a greater range of science to be carried out. When SPIRE is launched BLAST
observations will also be very useful for planning surveys.
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Abstract

The teraheitz (THz) frequency range (1-3 THz, or 100-300 pm wavelength) provides an
important window on the far-infrared Universe. Recent studies of the transmission
spectrum of Earth's atmosphere reveal that windows centered at 1.03 THz, 1.3 THz, and
1.5 THz become significantly transparent from high altitude (> 5000m) sites in northern
Chile. We are currently building a small radio telescope antenna in order to assess the
feasibility of ground-based THz astronomy. The antenna, an 800 mm diameter
paraboloid, has a surface accuracy of 3 1,1M rms and a beam width of about 1 arcminute at
1.5 THz. It will be coupled to HEB receivers, also under development at SAO. Initial
astronomical tests will be carried out in the 850 GHz and 1.03 THz atmospheric
windows. Receivers for the two higher frequency bands are currently under development
and are expected to be deployed towards the end of 2002.

Introduction

Between the far infrared and the shortest radio wavelengths lies a region of the
electromagnetic spectrum rich in astrophysical information, yet virtually unexplored.
The dearth of scientific data in this spectral region is not due to lack of interest, for it
provides unique targets for both interstellar chemistry and star formation studies.
However, even though windows at 225 and 200 11M had been observed from Pikes Peak
as long ago as 1971 1 , and it had been predicted that the South Pole may offer some
atmospheric transmission in the far infrared 2 , it has been generally accepted that 1 THz
represents the upper frequency bound for radio observation from the ground 3 . Hence,
this frequency regime has been left to a few groups with access to balloons or aircraft,
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such as the Kuiper Airborne Observatory (KAO) 4 , which was designed as a platform
from which to make astronomical observations in the wavelength range 1 — 500 microns.
Several groups have used the KA° to make spectroscopic measurements in the frequency
range 1 — 3 THz, but it ceased operations towards the end of 1995. Since that time, radio
astronomy observation above 1 THz has been relegated to the unenviable position of
waiting for the 2008 launch of the Herschel Observatory 5 , which will perform
herterodyne spectrosopy in the frequency range from about 0.5 to 2 THz, or waiting for
the KAO replacement, the Stratospheric Observatory For Infrared Astronomy (SOFIA) 6,

which will carry a number of instruments and perform heterodyne spectroscopy to about
3 THz for approximately 20% of the time it operates.

Site selection and potential observations

In 1995, the National Radio Astronomy Observatory began a series of measurements to
evaluate the feasibility of performing millimeter and submillimeter astronomical
observations from Chajnantor, a plateau at 5,000 m altitude, in the Atacama region of
northern Chile. It soon became apparent that this site offered excellent atmospheric
transmission in both the millimeter and submillimeter, and is superior to any of the
developed sites currently in use for radio astronomy. Largely as a result of the superior
transmission offered at the Chajnantor site at 350 pin, we developed a purpose-built
Fourier Transform Spectrometer (FTS) to evaluate the site for potential use for
astronomical observation above 1 THz. The FTS continuously measures the sky
brightness in order to determine the atmospheric opacity over the frequency range
350 GHz to 3 THz, and was installed at the Chajnantor site in the fall of 1997.
Measurements made in the 1998 austral winter demonstrate that ground-based
astronomical observations could be made from this site in the atmospheric windows
centered at 1.03 THz, 1.3 THz, and 1.5 THz 7.

These windows provide unique targets to both interstellar chemistry and star formation
studies. Put simply, cool interstellar clouds (10-15K) emit their strongest continuum
emission in the 1.0-1.5 THz range. Also, in hot cores (50-200 K) where stars are
currently forming, the high-J rotational transitions of common molecular species such as
CO, CN, HCN, and HCO - emit their strongest rotational radiation in this frequency
range. Near both young and evolved stars, molecules exist across a large range of
excitation levels, with the more highly-excited states often lying closer to the exciting
source or protostar. Surveys of objects in these lines will likely provide a good
discriminator of the various stages of protostellar evolution, and for lines falling within
the atmospheric windows, a ground-based telescope will offer substantial advantages
over aircraft- and balloon-based platforms in terms of cost, logistics, and available
observing time.

Figure 1 shows a selection of spectral lines falling within these windows, together with
the measured atmospheric transmission from the Chajnantor site on the night of August
26th , 1998. In addition to lines from familiar molecules, there are many lines unique to
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the terahertz range including the N+ ground-state fine structure transition at 1.461 THz,
and the NH+ fundamental rotational doublet at 1.013 THz and 1.019 THz. These two

[Gliz]

Figure 1 — Measured atmospheric transmission from the Chajnantor site on 1998 Aug 26,
06:00 UT, from a 10-minute FTS scan. The frequencies of selected molecular lines and
the N+ fine structure line are indicated for reference.

species are involved in the first steps of the theoretical synthesis chain for NH 3 . The NI-I+
ion has not been detected astronomically at any wavelength, despite its expected role in
interstellar chemistry. Whereas the unresolved N + fine structure line is visible from the
Galaxy in the COBE FIRAS spectrum, and an all-sky map with 7 degree angular
resolution confirms that 1\1+ line emission will be widely detectable 8

'
9 . However, the

kinematic information carried by this line, which can be studied in detail with heterodyne
receivers, is not apparent from the COBE data. Also, and in contrast to optical lines of
1\1-, extinction effects by dust are insignificant at terahertz frequencies. Even a modest-
sized terahertz telescope will offer better angular resolution than the COBE map by more
than two orders of magnitude, and would be capable of detecting the N+ line in nearby
galaxies. The H3

+
 is an important species in ion-molecule chemistry in the interstellar

medium, but it has no lines in the submillimeter. The H 2D- ion serves as a tracer for 113+,

and its fundamental rotational transition at 1.370 THz is the best means of observing it in
cool molecular clouds 10 . Of the metal hydride transitions shown in Fig. 1, HC1, LiH, and
SH, the most important is likely to be the fundamental rotational transition of SH at
1.383 GHz. The only transitions of this molecule below 1 THz are at 867 GHz and
875 GHz, but have lower-state energy E/k = 527 K. Finally, a point not to be forgotten,
the ability to perform line surveys in the terahertz windows will provide the potential to
discover unexpected features of the interstellar medium.

161



Thirteenth International Symposium on Space Temhertz Technology, Harvard University, March 2002.

In order to enhance our understanding of the weather above Chajnantor, SAO joined
NRAO, ESO, and Cornell University in a collaboration to collect radiosonde data above
the site 11 . Over the past three years, a number of radiosonde launches were under a
variety of atmospheric conditions, including periods of excellent transmission, as
determined by the FTS measurements. From the data, an example of which is given in
Fig. 2, it appears that a layer of water vapor is often trapped above the site by a
temperature inversion that is sometimes only several hundred metres higher. This
implies that even a modest gain in altitude might result in a significant improvement in
atmospheric transmission.

12000

11000

10000
E Radiosonde launch

17.$

 9000 19981126-15UT

8000 -I

7000 -

6000 -

5000 

0.2 0.4 0.6 0.8 1

Water column density (kg/m2)

Figure 2 — Specific water vapor column density calculated from measured radiosonde
data above Chajnantor. By ascending to just 650m above ground level, the water column
density is reduced by half.

Following our measurements on Chajnantor, we deployed the FTS on a plateau, below
the peak of Cerro Sairecabur, at 5,500 m altitude. In Fig. 3 we plot the cumulative
distribution of opacities, from both sites in the 1.3 THz atmospheric window. The
Chajnantor data was collected during the period from October 1997 to December 1999
and includes 37,000 spectra 12 , and the data from Sairecabur was collected during the
period October 2000 to January 2002 and includes 19,000 spectra. Both sets of data
include periods of good and bad weather, and are considered to be representative samples
of the four seasons. From the data we conclude that, on average, the opacity from
Sairecabur is about 0.6 below that from Chajnantor. For example, we observe an
atmospheric transmission of 8 % or better from the Chajnantor site 10% of the time;
whereas from the Sairecabur site we observe a transmission of 15 %, again for 10% of
the time, 24 hours/day, 365 days/year.
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Figure 3 — Normalised histograms and cumulative distribution functions calculated for
Chajnantor and Sairecabur. The Chajnantor data set represents 37,000 spectra taken
between December 1997 and October 1999, and the Sairecabur data set represents 19,000
spectra taken between October 2000 and January 2002.

Instrument development

During the past several years there has been an effort to further develop heterodyne
receiver technology, for the 1 — 3 THz frequency range, to be flown on future airborne
and spacebome astronomy missions. Superconductor-insulator-superconductor mixers
are currently being developed to 1.4 THz, and a number of groups are working to develop
the superconducting hot electron bolometer (HEB) mixer for use in the 1 — 3 THz
spectral range.
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Since 1995 we have been collaborating with the group at th Mscow State Pedagogical
University to develop the phonon-cooled HEB mixer, and, since 1999, have successfully
used this class of mixer for radio astronomical observations below I THz. In January
2000 we made the first fully resolved astronomical observation of CO at 1.037 THz from
a ground-based site 13 , and for the past two years have been working towards developing
HEB mixers for use in the atmospheric windows above 1 THz. Figure 4 summarizes the
current status of SAO HEB mixer receiver performance.
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Figure 4 — Measured DSB receiver noise performance as a function of local oscillator
frequency for two HEB mixer receivers developed at SAO. The lower frequency receiver
covers the atmospheric windows centered at 850 GHz and 1.03 THz, the other is for use
in 1.3 THz atmospheric window and provides redundancy at 1.03 THz. A third mixer,
currently under development for use in the 1.5 THz atmospheric window, will provide
redundancy at 1.3 THz.

If we assume that the mixers are double sideband, a reasonable assumption given the low
intermediate frequency of the HEB mixer, we estimate single sideband receiver noise
temperatures in the range 1,000 — 2,500 K for frequencies from 800 GHz to about 1,300
GHz. Suppose now that the average atmospheric transmission towards the source during
an astronomical observation is about 10 %, we then calculate system temperatures of
between 10,000 and 25,000 K which are similar to the receiver noise temperatures of
heterodyne instruments previously flown on the KAO 14 ' 15 . In other words, observations
made from the Sairecabur site could be made with almost identical sensitivities as those
made from the KAO. Such observations would be limited to the atmospheric windows
shown in Fig. 1. However, a ground-based instrument will offer substantial advantages
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over aircraft, balloon, and space -based platforms in terms of cost, logistics, and available
observing time.

With one exception, all spectral line radio astronomy at frequencies in excess of 1 THz
has been made using relatively small antennas. For example, the ICAO antenna was 0.91
m in diameter, and the ISO reflector was only 0.6 m across. The Herschel satellite will
incorporate a 3.5 m diameter antenna, and SOFIA will have an antenna 2.5 m across. For
our test instrument we selected a reflector diameter of 0.8 m. This should permit
scientifically interesting astronomical observation at reasonable cost. Since the aim of
this work is only to evaluate the prospects for ground-based terahertz radio astronomy, it
is important that any test facility should require only a minimum of infrastructure. We
therefore decided to house the antenna on the top of a 20-foot shipping container that will
also serve as a control room.

The reflector is made of a single piece of aluminum has an nns surface error of less that
31.tm and supported on an alt-az mount with a standard coudee optical configuration. The
azimuth and elevation axes are both driven by off-the-shelf brushless DC servomotors,
followed by zero-backlash, high ratio reducers: a harmonic drive in the case of the
elevation axis, and a worm drive for azimuth. The motors are driven by off-the-shelf
intelligent PWM servo amplifiers, which provide electronic commutation. In addition,
the commutation encoder is used to operate a velocity-feedback (speed control) loop in
the amplifier itself. A DC velocity command is sent to each of the servo arnplifers from a
computer D-A card. High-resolution optical encoders with quadrature sine-wave outputs
are mounted directly on each axis, and an interface PC card provides 1024 interpolation
for each cycle, giving a total resolution similar to a 24-bit encoder. A simple position
servo loop runs in the PC for both axes. With the velocity loop of the servo amplifer
properly tuned, this provides an extremely smooth, well-behaved servo system, with a
slew speed of up to 4 degrees per second and sidereal tracking errors less than 2
arcseconds.

Summary

We have demontrated that there exist new opportunities in terahertz astronomy from
northern Chile. This spectral region is rich with scientific possibilities, and advanced
receiver technologies, largely developed at SAO, will make sensitive heterodyne
observations in this little explored region of frequency space possible.
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Abstract — The membrane based planar Schottky diode process has been utilized to
design a family of triplers to cover the astronomically important 1400 to 1900 GHz
range. The design process involves a systematic study of the various parameters such
as anode size, diode doping, circuit configuration, and circuit topology to name a few.
A successful design necessitates that tradeoff space is established and the most practi-
cal circuit is selected keeping in mind the rather unpredictable task of final assembly.
Simulations show that the designs being fabricated will produce output power in the
microwatt range which ought to be enough to pump hot electron bolometer (HEB)
mixers.

I. Introduction

Recent progress in hot electron bolometer mixers has demonstrated very attractive sensi-
tivities well into the THz regime. However, so far most if not all, of these mixers in the

THz range have been pumped with gas-based laser sources. For any flight applications it
would be extremely important to develop solid-state sources that can pump these mixers.
Fortunately, planar Schottky diodes have revolutionized the field of multiplied sources and
in the last few years tremendous progress has been made towards implementing practical
planar Schottky diode varactors in the THz range [1]-[6]. The present paper deals with the
design of a family of triplers that cover the 1400 to 1900 GHz frequency range.

One possible approach based on a x2x3x3 chain driven by power amplifiers in the 92-106
GHz range will cover the astronomically important lines at 1.6 and 1.9 THz. Similarly, a
x2x3x3 chain driven with a 80-92 GHz power amplifier will cover the 1.46 THz spectrum.
The present paper deals with the design of the last stage triplers mentioned in the above
scenarios. This paper will address some of the constraints that are placed on designs for
the high frequency triplers and will address the methodology involved in designing circuits
that can be implemented for robust LO chains.

II. Design Methodology
A common method employed to design and optimize diode multiplier circuits is to first op-
timize the diode parameters using non-linear codes (such as harmonic balance). The diode
impedance is then properly matched to the input and output circuits utilizing linear circuit
synthesis. This approach is relatively fast and has shown to work very well with balanced
doublers in the sub-THz range [2,4,6], since the input and output circuits can be optimized
independently. However, in our approach we have exclusively used non-linear codes to
simultaneously optimize the input, output and the idler frequency for designing of the
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triplers. Though, this places further burden on the computational hardware, it allows one
to simultaneously optimize the diode physical structure along with the embedding circuitry
for maximum advantage.

Diode model: A complete and accurate physical diode model that can predict device re-
sponse at these frequencies is under development [7]. A practical approach is to use a sim-
ple model of the diode that can easily be described in commercial codes including signifi-
cant efficiency limiting phenomena such as breakdown voltage and current saturation.
Such an exercise has been carried out in [8] for doublers assuming very limited input
power (0.1 mW). Based on this exercise doublers in the 1.9 THz range at room temperature
should be designed according to:

Rs x C(0) = 120 C2.fF (1)

Where, Its is the series resistance and C 3(0) is the zero bias junction capacitance. Note that
depending of the doping of the epy-layer the value of Its x C(0) can vary: a lower doping
level brings more resistance.

For the 1.4THz to 1.9THz triplers a zero bias junction capacitance of 0.6 to 1.2fF is as-
sumed based on the wafer doping (5x10 17 cm 

3) 
and reasonable minimum dimensions con-

sistent with the membrane fabrication process. Furthermore, the model was modified by
introducing a linear frequency dependence of the RF series resistance. The series resis-
tances of the high frequency triplers was chosen by extrapolating linearly the series resis-
tances used to model an existing (and characterized) 1.2 THz balanced tripler [5] in accor-
dance with (1).

Losses: At 1.9THz, losses in the circuitry are a major concern. Losses not only introduce a
linear attenuation of the signals in a multiplier circuit, losses can also make the matching
of the diode very inefficient. Simulations show that a diode with C1(0)-----1fF, pumped with
2.5mW at 633GHz, can transfer power to the third harmonic at 1.9 THz up to thirty times
more efficiently when matched by an optimal and ideal circuit, than when matched by a
circuit feasible with the state-of-the-art technology (with an ideal matching circuit the di-
ode works in a true varactor mode, with a feasible matching circuit the same diode works
mostly in a varistor mode). The losses must be included during the optimization of the cir-
cuit and not after. Matching circuits designed with no loss could be in practice "surpris-
ingly" lossy and not fully optimum.

Topology limitation & accuracy: Another major difficulty encountered in the designing of
terahertz multipliers is the limitation in the topology of the circuits. This limitation is
mainly due to the RF losses that the metallic parts of the circuits can induce. Actually, to
keep the losses acceptable, it is necessary to use matching elements made of sections of
waveguides in which the currents flow with a low surface density. The rectangular
waveguide, the coaxial waveguide or the suspended microstrip are usually good candidates
for such a requirement. Unfortunately the topology of the circuits feasible with such
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waveguides is pretty limited. In addition, the active devices are totally immersed in these
waveguides, a fact that does not facilitate efficient modeling.

The accuracy of the fabricated circuits is also a concern when working at these frequen-
cies. It is important to design the circuits to be as tolerant as possible to fabrication and as-
sembly variations. To allow for machining tolerances in the waveguide blocks it is recom-
mended to integrate on chip the critical matching elements in order to take advantage of
the tighter tolerances associated with micro-photolithographic techniques. Circuits fabri-
cated on thin dielectric membrane combine low loss and accuracy providing for a more
stable and robust implementation.

Input power: Another practical constraint that must be acknowledged for any high fre-
quency multiplier design is the fact that only limited amount of RF power will be available
to drive the multiplier. When the pump power of a multiplier is small, the diode cannot be
properly modulated. At the limit, the power conversion from the fundamental to the nth
harmonic follows a law that asymptotically tends to

>0 a(f)x (2)

or in the logarithmic form:

Log(P„) >a' (f)+ nx Log(P,) (3)

where P,, is the power produced at n th harmonic, P 1 is the pump power, a(f) is coefficient
that depends on the diode and the frequency. Equation (2) shows that for a tripler
dividing the pump power by two can divide the output power delivered by the diode by
eight (and the conversion efficiency by four). This relationship is confirmed by simulating
various multipliers with varying input power (see Figure 1).

Circuit configuration: When one has to choose between designing a balanced multiplier
that requires at least two diodes, or an unbalanced multiplier that requires only one, the re-
lation between the pump power and the efficiency of a diode has to be taken into account.
The single diode of an unbalanced multiplier will receive twice the power that each diode
of the simplest balanced multiplier will receive. In addition, the higher the order of multi-
plication, the bigger the difference in the conversion efficiency of the diode. On the other
hand, balancing a multiplier considerably simplifies the matching circuit. In addition,
there is the possibility to reduce the size of the anode to compensate the decrease of pump
power (a smaller diode will be easier to modulate than a bigger one). In practice, this pos-
sibility is limited at high frequencies by the fact that a smaller anode presents a higher se-
ries resistance, and also by the fact that there is a minimum size for the anode.

Thus, for the 1.4 THz to 1.9 THz tripler designs both a balanced and an unbalanced ap-
proach was attempted. A generic block diagram of an unbalanced and balanced tripler are
shown in Figure 2. An E-plane probe located in the input rectangular-waveguide couples
the signal at the fundamental frequency to a suspended-microstrip waveguide that can
propagate only the TEM mode. In order to keep this waveguide monomode, the dimen-
sions of the channel in which the circuit is inserted have to be chosen with care. The di-
ode(s) is (are) connected to an E-filed probe that couples the third harmonic of the funda-
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mental to the output waveguide (the second harmonics is kept below cutoff). The matching
of the diode is performed, both, by a succession of high and low impedance sections
printed on chip and by the input and the output probes, with their respective backshort and
waveguide step.

Input Pow er (dBm)

-30 -20 -10 10

Figure 1: The calculated output power
versus input power of an ideal frequency
doubler (top), tripler (middle) and quad-
rupler (bottom) fits perfectly equation 3.
The multipliers are optimized for an input
frequency of 500Gliz and an input power
of 3.5mW. The diode is the same for all
the multipliers -- Cj(0)=1fF, bias fixed to
zero volts.

Figure 2: Generic block diagram of the unbalanced (left) and balanced (right) triplers. HZ stands for
high impedance line, LZ stands for low impedance line.

III. A 1400 GHz tripler

The technology involved in fabricating these circuits has been discussed in [9]. The cir-
cuits are mounted in a gold-plated waveguide structure split into two precision-machined
halves. Figure 3 shows the unbalanced and balanced designs inside the waveguide blocks.
The diode of the unbalanced design has a very small mesa with a symmetrical anode that is
grounded on both sides of the channel by two beam-leads. Each side of the mesa is con-
nected to a high impedance line. One of them continues to the output probe. This structure
is very compact. This design provides compactness but does slightly increase the parasitic
capacitance.
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The balanced tripler (Figure 3, bottom) has two diodes positioned on each side of the high
impedance line. The diodes are connected in series at DC. One has its anode grounded at
one side of the channel by a first beam-lead, the other has its cathode grounded to the other
side of the channel by a second beam-lead. Due to the symmetry of the field at the funda-
mental frequency (TEM mode), the diodes appear in an anti-parallel configuration at RF.

The second harmonic is trapped in a virtual loop [3] and cannot propagate in other parts of
the circuit. This topology offers the advantage of a very small phase shift between the two
anodes and the possibility to tune the matching at the idler frequency by adjusting the
length of the beam-leads that ground the diodes. By reducing the mesa size from 10x1Opm
(minimum size used up to now at JPL) to 7x7p,m, we could implement the two diodes in a
channel of 64x25p,m.

For these circuits the bias scheme is not a trivial problem. The unbalanced tripler can be
biased through the input probe (that crosses the entire waveguide height) and the sus-
pended microstrip line. A DC capacitor is implanted on chip to ground the RF signal. This
solution can also work for the balanced designs but it is much more difficult to implement.
Actually, two independent and opposite polarities have to be brought to the diodes. This
can be done by implementing a small capacitor between the two mesas. The suspended mi-
crostrip has also to be divided into two insulated lines as shown in Figure 4. It is also pos-
sible to design the balanced circuit so that it is pretty much optimized for zero bias. We
have included both designs in the current fabrication run.

We can compare the calculated performances of these multipliers with the performances of
a diode that would be matched by an ideal circuit : at 1.46THz the balanced circuit is only
about two times worse in terms of efficiency than an ideal circuit. Calculations show that
75% of the fundamental is coupled to the diodes. The remaining losses (another 25%) are
shared between the second and the third harmonic. Simulated output power from the
triplers is shown in Figure 5. For a given input power of 3.5 mW the balanced approach
certainly seems to be the preferred approach. Considering that over 8 mW has already
been demonstrated at 440 GHz it is possible that more input power will be available. Even
with the limited input power a 3dB bandwidth of about 20% is achieveable. Moreover,
considering that the HEB mixers might only require LO power levels at the one microwaft
range the existing design ought to cover even a larger bandwidth.

Iv. A 1900 GHz Tripler

The unbalanced and balanced designs for the 1.9 THz tripler are shown in Figure 6. At a
first glance they would seem to be 'scaled' copies of the designs for the 1.4 THz tripler.
Even though the basic topology of the two designs looks similar, a detailed design was
done for both triplers because simple scaling from one design to the other does not work.

Compare to the 1.4THz triplers, the 1.9THz triplers have a narrower channel. The mesas
have the same size but their spacing is reduced. Another difference: the anode of the un-
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balanced design at 1.9THz is grounded on both sides of the channel by two wide beam-
leads that come very close to the mesa.
For the balanced circuit, implementing the two diodes was very difficult due to space limi-
tation, even with a mesa as small as 7x7 micron. The chip was designed using the tightest
tolerances available with the current technology.

Biasing of the unbalanced design is not difficult. However, a biasing scheme for the bal-
anced design is not trivial. The solution suggested for the 1.4 THz design will not work
due to space restrictions. The current circuit has been designed with zero bias. This sacri-
fices some of the potential bandwidth but seems to be the only practical approach given the
restrictions on technology.

An input power of 2.5mW at 633 GHz is assumed. This amount of power has not been
demonstrated yet but certainly looks plausible given the recent results up to 400 GHz. Op-

. .
timized simulations of both the balanced and unbalanced circuits are shown in Figure 7.
The balanced configuration can provide twice as much power as the unbalanced design but
only for a limited bandwidth. At the band edges both designs provide similar amounts of
output power. The inability to further reduce the length of the beam-leads that ground the
diodes of the balanced tripler is believed to be the main reason for this limitation.

We can compare the calculated performances of these multipliers with the performance of
a diode that is matched by an ideal circuit. The balanced tripler design has one-eighth the
efficiency as an ideal tripler using the same diode. Only 70% of the fundamental is cou-
pled to the diodes. The low performance of this circuit is believed to be mainly due to a
non-optimized idler forced by the current technology.

An interesting simulation is to see what happens to the performance of the multipliers as
input power is reduced. As the input power drops below 1 rnW the unbalanced circuit
tends to outperform its balanced counterpart. One could argue that the designs have not
been optimized for low power but in reality the anodes cannot be shrunk any more to off
set the reduced input power level.

V. Conclusion

Triplers that work in the 1400 to 1900 GHz range have been designed and described.
These circuits are based on the GaAs membrane process and are currently under fabrica-
tion. Simulations indicate that if the final stage triplers can be pumped with 2-4 mW of in-
put power it will be possible to get sufficient output power to pump EIEB mixers.
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Figure 3: Unbalanced and balanced design of the 1400 GHz tripler.
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Figure 4: A possible approach for providing appropriate bias to a balanced tripler design.
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Figure 5: Calculated output power of the 1.4 THz balanced and unbal-
anced tripler. Input power of 3.5 mW is assumed in each case
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Abstract

A complete source for 1.5 THz has been built using a cascade of four planar
doublers following a MIMIC based HEMT power amplifier. This driver is in turn driven
by a times nine multiplier so that the complete source may be synthesizer controlled. The
source is intended for use at 120 K and has been tested at 60-90 K. The peak output
powers of the stages are first stage 53 mW, second stage 15 mW, third stage 2.0 mW and
final stage 45 tt,W. The peak output was measured at 1484 GHz, although >1 iW is
produced over the frequency range 1450-1620 GHz. Based on preliminary testing with
lower power, it is expected that a power of 11..1W is sufficient to drive an HEB mixer.

Introduction

The heterodyne instrument on the Herschel (FIRST) space observatory will cover
frequencies from 500 to 1900 GHz, presenting very demanding requirements on LO
sources. The most challenging requirement is at the highest frequencies where LO sources
with power >1 laW are needed in the 1.4-1.9 THz range with 10% tuning bandwidth. For
best reliability, the source must use all-planar components with no mechanical tuning.
While initially this appeared to be a very ambitious goal, planar diode technology has
recently evolved to the point where this is possible. At this time, diode fabrication is
relatively consistent, and multiplier designs work very well at nearly all required
frequencies. Fairly complex circuits can be fabricated monolithically, on GaAs of any
needed thickness. Efficiencies of many multipliers actually exceed expectations, and the
operating bandwidth is near the goal. This paper describes a chain for 1.5 THz with
sufficient output power over a 10% band to meet the system goal, although work remains
to make this an optimal source. The entire LO system for Herschel is intended to be
operated at a temperature of 120 K, so most of the data is measured at low temperatures.

The source uses a cascaded chain of four passive doublers (net x16 multiplication),
with a high power driver in the 100 GHz range. The initial stage of the driver is a x9
multiplication to 89-106 GHz band, which is followed by amplification to a typical power
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of 150 mW. The power amplifiers are GaAs MMIC's fabricated at TRW, and assembled
into waveguide housings at UMass and JPL. The driver is a synthesizer or sweeper in the
10-12 GHz range, so frequency control is quite simple.

All of the final four doublers are balanced designs using planar diode arrays. The
number and size of diodes used in each doubler depends on the required input power level.
Most of these doublers have been described previously, but current results are better than
previously reported and the full cascade of stages is entirely new.

First stage doubler

The doubler for 200 GHz was built at UMass using a 6 diode array. This doubler
has been described previously [1,2,5], and is a balanced design using a diode array which
is soldered in place, as shown in figure 1. The bias circuit is decoupled from the output
with just a beam lead planar capacitor using a SiN film, and the diode is coupled to the
output with a gold bond wire. The design bandwidth is 188-212 GHz output with a flat
response, and the circuit seems to work well across this full band, as shown in figure 2.
The optimum input power for this doubler is 150-180 mW. Limited input power at the
highest frequencies causes the data be scattered, but the points with optimum drive show
nearly constant efficiency. There is a substantial advantage to operating this doubler at
low temperature as seen in the efficiency vs temperature curve of figure 3. The diodes use
an epitaxial layer doping of 1x10 17/cm3, which gives a significant increase in carrier
mobility at lower temperature, leading to lower series resistance and a 60% increase in
efficiency at 80 K. At the expected operating temperature of 120 K, the efficiency should
be 33%. Power was measured at all frequencies using a waveguicle calorimeter having
very flat frequency response from 75-2000 GHz [3,4].

A comparable design built at ..TPL uses beam leads rather than solder joints to
mount the diode, and a bias structure which is fully integrated with the diodes. This
integrated doubler appears to work about the same as the discrete design, although data is
not quite as complete on this unit. This style of construction is preferred due to its easier
and more repeatable assembly. However, the beam leads do lead to a larger temperature
rise for the diodes.

DC Bias

N-17-7-Beam leads
Capacitor

Output waveguide
1 2 urn wire.

I \
Solder pad

Diode chip

Input I
Waveguide

Figure 1. Schematic of the 200 Gliz doubler showing just the inner region of the block.
Outside of this area, waveguide steps provide the required wideband matching.
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190 200 210

Output Frequency (G Hz)

Figure 2. Output power of the first stage at 80 K with 140 mVV input (up to 204 GHz). The
source power is too low for points on the dashed line, and only points on the solid line have
140 mW input.

Temperature (K)

Figure 3. Efficiency of the 200 GHz doubler as a function of temperature.

Second Stage Doubler

The doubler for 400 GHz was designed and assembled at JPL using a 4 anode
planar array. In concept it is identical to the 200 GHz doubler, but with a higher level of
integration. The design is one with minimal substrate, consisting mostly of suspended
metal with beam leads for mounting and grounding. It has been described previously [5].
The installation requires no soldering, or any difficult assembly. As with the 200 GHz
doubler, the diode chip is quite simple, and much of the impedance matching over a wide
band is done with machined waveguide steps. The view of one block with the diode
installed is shown in figure 4.
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Figure 4. Internal assembly of 400 GHz doubler, using "substrateless" design.

This doubler was tested with drive from the 200 GHz doubler, with no isolator
between stages. While isolators for this band are practical, and are planned for eventual
use, one was not yet available suitable for vacuum operation at the needed power level.
The resultant power vs frequency, shown in figure 5, shows a lot of ripple, which is likely
to be mostly due to the interaction between stages. The room temperature efficiency is
16% and the 80 K efficiency is estimated to be 24%, with a diode epilayer doping of
2x1017 . This doubler appears to be tuned a bit lower than its nominal design band of 375-
425 GHz, and this is a typical problem with many multipliers designed for this work. Most
of the effects of actual device fabrication seem to shift the frequency lower than the
idealized models used for design purposes. No designs so far have been tuned high.

Output Frequency (GE-14

Figure 5. Output power of first two cascaded stages at 80 K. Input power to first stage is 140
mW below 408 GHz output. Above this frequency, only the upper curve has 140 mW input.
No isolator is used between stages.
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Third stage doubler (800 GHz)

The doubler for 800 GHz was designed at UMass with diodes fabricated at JPL.
is a balanced design as at lower frequencies, but just a pair of diodes is used, since the
required power level is quite low. The diodes have a capacitance of 4.3 if, which should
be able to handle (as a pair) up to 10 mW input with a peak junction voltage below their
5.5 V breakdown. The previous stage works somewhat better than expected and its output
exceeds this power by —2 dB at some frequencies. The doubler chip is a very compact
circuit on 12 1,tm thick GaAs, and uses beam leads for grounding the diodes and the bias
bypass capacitor. The substrate is narrowed between the input and output waveguides to
eliminate higher modes, which can cause a large difference in the coupling of the two
diodes to the output waveguide. The circuit is simple to assemble except that diode chip is
quite small, as can be seen in figure 6. Handling the chip is difficult because there is little
GaAs that can be touched and the 1 Inn thick beam leads are too fragile to pick up with
tweezers. However, they can be picked up by simply touching a probe to them, and
generally they stick. The diode is not attached to the block anywhere except at the bias
terminal. This lead is connected to the bias circuit and the remaining beam leads are just
clamped between the halves of the block. As with the other doublers the simple diode
circuit is supplemented with waveguide steps to increase the bandwidth.

The output waveguide where the diode crosses is only 36 leim high, which is too
small to cut with an end mill, so this waveguide was broached (scraped) with a tool having
just the 361.,tm width. This tool was ramped out of the block at a steep angle at the end of
the cut to form the integral backshort. All other features were cut with end mills. All of
the machining was done on an NC micromill [6].

A waveguide diagonal horn is integral to output of the doubler, since initial testing
was to be of this as a final stage, and the waveguide seemed too small to flange reliably.
This horn is an obstacle to using this as a driver for a following stage, but the horn may be
eliminated for future use.

Diodes

inpttwaveg ide

Figure 6. Cross section of 800 GHz doubler.
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The output of these three cascaded stages is shown in figure 7, for room
temperature and 80 K operation. There is more ripple than for the 400 GHz driver, and the
ratio of maxima to minima is larger. In addition, this doubler, too, is tuned lower than
designed, since it is intended to work from 780-860 GHz. The apparent tuning error is —30
GHz, only a 3-4% shift relative to the design, but one that must be understood and
corrected. The typical bias voltage is 1.5-2.5 V (reverse), with no systematic frequency
dependence, and the bias current is very small.

The very large change in output power with cooling is mostly due to the change in
input power, which may increase a factor of 2.4. The efficiency of this doubler is
relatively temperature insensitive. The cold efficiency is about 11%, while at room
temperature it is —10%. The diode doping is 3x10 17 which leads to minimal temperature
dependence to the mobility. However, the efficiency rises with input power when it is
underdriven, accounting for the very large increase in power at the higher frequencies at
low temperature. It is notable that the maximum output power is —20 times larger than that
available at comparable frequencies using whisker contacted triplers, which were the best
previously available multiplier technology.

Figure 7. Output power of 3 cascaded stages at room temp (upper) and 80 K (lower). Input
power for the cold data is 140 mW below 816 GHz. Input power at room temperature is 160
mW below 790 GHz. At higher frequencies input power may be significantly lower.

Fourth stage doubler (1.5 THz)

The 1.5 THz doubler uses a balanced design in a resistive mode. The circuits used
in the lower frequency stages are not easily extended to this frequency because of the need
to machine very low height output waveguide. However an alternate circuit geometry puts
the diodes in series in the output waveguide, with a coupling probe to the full height input
waveguide. The diodes may then be biased in series via an extension of the substrate and
a SiN bias bypass capacitor. The circuit layout is shown in Figure 8. The overall diode
construction uses a framed design with 50 gm thick frame and 3 1.trn substrate for active
part of the circuit. This design has been described previously in preliminary tests with a
laser pump [7].
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Figure 8. Overall view of the 1.5 THz doubler showing the frame and input waveguide, and
detail showing just the electrically important part of the circuit.

The doubler is very easy to assemble, but the frame complicates the machining,
because the input waveguide must plunge directly through the block. This waveguide does
not need to be very long because a conical waveguide horn is integral to the input, and can
be machined from the other side of the block. This block was designed for tests with a
laser driver, before the complete chain was complete, so an input horn was desired. This
horn has approximately the same dimensions as that on the 800 GHz doubler so coupling
between them can be fairly good. although higher modes can also cause a large variation in
coupling.

The complete four stage chain was tested at 60K over a wide band, and at room
temperature over a more limited band. The chain as used at room temperature is shown in
Figure 9. The setup for cold tests placed much of the chain at room temperature and just
the final power amp stage and the four doublers at low temperature, as shown in Figure 10.
In order to eliminate a lossy vacuum window on the output, the THz power sensor was
placed inside the dewar, although it was maintained near room temperature through the use
of an isolating section of stainless steel waveguide

Figure 9. Complete source with x144 multiplication, using x9 stage followed by power amps
and a x16 passive multiplier. The output is a small diagonal feed horn which points upward.
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MM1C Power Amps Synthesizer

Isolator Isolator 10-11GHz

Figure 10. Setup for testing the complete X16 chain cold. Placing the power sensor in
vacuum (at room temperature) eliminates the need for a window at 1.5 THz.

Figure 11. Predicted efficiency vs. frequency for the 1.5 THz doubler.

The predicted frequency response of the doubler is shown in Figure 11. The actual
output power is shown in Figure 12, although this is convolved with a widely varying input
power, making interpretation of the data difficult. One problem is the inherent variation in
input power shown in Figure 7, but in addition, the horn-to-horn coupling adds a great deal
of additional ripple due to mode conversion at some frequencies. It appears that this
doubler does work at nearly the predicted frequency band, rolling off just 50 GHz lower
than expected, but there is no data at low frequencies to show what happens. A few points
were added using a different first stage doubler with lower tuning but this did not properly
overlap the tuning of the first. This extended the range only slightly before the following
stages began to roll off. Even with these problems we still can get >1 p,W output power
over 150 GHz, and the data sampling with 4 GHz spacing is equivalent to full coverage for
the Herschel IF bandwidth of 4 GHz. Room temperature data is much more limited
because of low input power, but still up to 10 JAW can be obtained, making this a useful
source for mixer testing. There is no good way to measure the efficiency either at room
temperature or cold. It is impossible to know the true available power from the driver, or
the interactions between two nonlinear devices. However, the cold efficiency, corrected
for input mismatch, must be —1-2%, given the peak driver stage output of 2 mW, and the
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maximum cold output peaks of 20-45 p,W. Room temperature efficiency is not expected to
be much different given the high diode doping of 5x10 17, and almost no temperature
dependence to the mobility.

Output Frequency (Gliz)

Figure 11. X16 output power with 160 mW into first stage. Upper data is at 60 K, lower data
is at room temperature. Data on the dashed curve uses a different first stage doubler, but the
same following stages.

FIEB mixers are supposed to operate on extremely low LO power, and the Herschel
specification is 1 1.1,W for each mixer. There has been little data to support this, so this
source was used to pump an HEB mixer at JP1i. At the time of the test, the third stage
doubler had not been optimized, so the source produced only 0.2 1,1W output, which
pumped the mixer to within about a factor of two of the needed power. The IV curve of
the mixer is shown in Figure 12 for this low power. No data was obtained with the higher
power source in time for this paper, but there seems to be little doubt that with proper
coupling the present power should easily drive the mixer at any frequency.

Figure 12. HEB mixer test at JPL with preliminary source with —0.2 pi.W output.
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Conclusions

A complete source has been built for 1.5 THz using a cascade of extremely high
performance doublers. The output power of 451.1,W is a record high for a solid state source
at any nearby frequency. All of the stages work as well or better than expectations and the
output power is sufficient to drive an HEB mixer over a wide band. All multipliers survive
cooling to 60 K without problems and all work as well or better than at room temperature.
The performance of this chain indicates that even higher frequency sources such as one at
1.9 THz as required for Herschel should be quite practical. The primary technical
challenge at this point is getting the multipliers to work precisely at the needed frequency.
All of the bands for Herschel are only 10-12% in fractional bandwidth, and at this time the
tuning error for a given stage appears to be as much as 3-4%, although test data are not as
complete as are needed for full diagnostic purposes.
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Figure 1. 800 GHz doublers mounted in block, both to the same scale. (a) is a version with on-chip bias
capacitor, (b) uses a high-low transmission line filter for DC bias bypass.
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HARMONIC BALANCE OPTIMIZATION OF TERAHERTZ
SCHOTTKY DIODE MULTIPLIERS USING AN ADVANCED

DEVICE MODEL
E. Schlecht, G. Chattopadhyay, A. Maestrini, D. Pukala, J. Gill and I. Mehdi

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109 USA

Abstract — Substantial progress has been made recently in the advancement of solid state terahertz
sources using chains of Schottky diode frequency multipliers. The multiplier diodes are often simulated
using a simple Schottky junction model plus a series resistance, Rs, because of the model's simplicity and
ease of use in commercial harmonic balance simulators. The DC series resistance value is useable for Rs at
low frequencies, but at high frequencies the Rs must be increased to match the measured RF performance.
The junction properties are determined from forward I-V measurement.We have developed a harmonic
balance simulator and corresponding diode model that incorporates many other factors participating in the
diode behavior. These include time-dependent velocity saturation, carrier inertia and shunt capacitance in
the undepleted active layer, tunneling through the Schottky barrier and heating of the junction at high
powers. The model is calibrated using ensemble Monte Carlo calculations of material parameters, but
otherwise no parameters are fitted other than to DC I-V measurements. The program can be used to
optimize the doping concentration and diode dimensions for any multiplier, based on its frequency, input
power and operation temperature. Optimizations are demonstrated for 200, 400 and 800 GHz doublers, and
comparison between calculation and measurement will be shown. The match between them will be seen to
be quite close. Further, the measurements include new low temperature measurements of an 800 GHz
chain yielding a high 2 mW peak output power.

I. INTRODUCTION

Currently there is a demand for wide-bandwidth frequency multiplier chains [1-3] with
outputs above 1 Terahertz for use in submillimeter wave heterodyne receivers. These
space-borne radiometers are primarily intended for astrophysical observation. The Jet
Propulsion Laboratory has developed and implemented novel technologies to produce
robust, reliable and repeatable planar Schottky diode multipliers for these applications

Output guide

[4]. In order to produce useable power at the final output frequency, the first stages in the
chains are being pumped with high power levels of 200 rnW or more at W-band [5].
Further, space missions such as the Herschel Space Observatory will be operated at low
temperature, both for thermal margin and for improved multiplier performance [6]. There
is a continuing effort at JPL to improve the modeling of the diodes, including
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temperature, high frequency and high power effects. This paper will focus on a few
recent additions to the diode modeling, as well as the results of optimization of diode
characteristics for specific frequency/power/temperature combinations, and a comparison
of multiplier simulations and measurements.

II. DESIGN AND ANALYSIS

The doublers consist of two components — nonlinear solid-state devices and
surrounding passive circuitry. The devices are arrays of two to six Schottky diodes in a
balanced configuration [7,8]. These are analyzed using a specially designed harmonic
balance simulator. The surrounding passive input, output and impedance matching
circuitry are analyzed using the HFSS finite element electromagnetic simulator. The
circuit design process has been discussed previously [5,9-11], as has the fabrication [12].
An example of two versions of an 800 GHz doubler appears in Figure 1.

The harmonic balance simulator uses a modification of the reflection algorithm [13,14].
This method is can incorporate an arbitrary set of differential equations in the diode
model. Additionally, since the solution of the harmonic balance equations is an iterative
relaxation process [15], during the course of the convergence such external variables as
the bias voltage and the material properties can be varied in a controlled way. This allows
the normal difficulty the method has of requiring an artificial DC embedding resistance
[16] to be circumvented by adjusting the fictitious bias voltage so that the real bias will
be the correct value. Additionally, the change in material properties with temperature can
be incorporated via a thermal model to investigate the effect of heating in the high power
multipliers.

The thermal model itself, described in an earlier paper [17], is a simple one-
dimensional thermal resistance model that takes into account heat flow through the GaAs
frame and the gold metalization. The results are in the form of a profile of the
temperature of the anodes versus the dissipated power and the block temperature. The
data from the calculation can be fit to a version of the thermal resistance model that is
quadratic in power:

III. DIODE MODEL IMPROVEMENTS

Since the diode model will be included in the iterative harmonic balance simulator, it
needs to be fast. Therefore, we are using a modified equivalent circuit model. Most of the
elements of the model have been reported earlier [17-20], so only recent modifications to
the model will be discussed. The junction capacitance model, C(v) includes the effect of
fringing [21] as well as a version of the flatband capacitance [22-24] modified for
numerical stability The undepleted epi model includes carrier inertia modeled as an
inductance, L i, and shunt displacement capacitance, Cd [18]. The spreading resistance,
skin effect impedance and ohmic contact impedance occur in the highly doped n + region,
and their models are as before [17,18,20]. They are affected by the mobility in the n+
GaAs, however, and that has been changed as described below. Modifications to the
model of the junction current, i(v) will also be covered.

T ANODE = TBLOCK RT1PDISS 
1+ RT2PDISS) (1)

where kri is the low-power thermal resistance, around 2.05 KimW and R T9 is the
correction, around 0.012 mW-1.

This equation can then be incorporated into the material properties of the diode model,
and its effect included in the harmonic balance investigation of the multiplier's
performance.
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A. Buried n+ layer mobility. In an effort to track down all causes of reduced efficiency,
the mobility of highly doped GaAs, especially as a function of temperature, was
investigated. Several measurements were found [25-27], which indicated the mobility is

Fig. 2. GaAs Mobility at high doping concentrations. The broken lines are those of [40]. The solid line is
the new formula. Dots are various measurements [25-27] (a) 77 K. (b) 300 K.

lower for doping concentrations above 5 X 10' cm .' than the values being used The
earlier equation [20] was based on the work of Rode and Knight [28,29]. A new equation
was fitted, based on a combination of the measurements, Rode's work and others [30,31].
The results are indicated in Figure 2, which shows a combination of Rode 's results,
several measurements, and the new formula. The parameter 9 is the compensation ratio of
ionized acceptors to ionized donors, NAIND+.

B. Junction current. Another source of reduced efficiency not previously included in
the model is the reverse current increase due to avalanche multiplication. Previous
calculations of the junction current incorporating barrier tunneling plus thermionic
emission [20,32] and avalanche multiplication [20,33] matched measurements of actual
diodes well [20].
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Fig. 3. Junction forward and reverse current magnitude. (a) Current measured for 45 11111 2 anode,
3X10 17 cm-3 doping (solid) compared to quantum transmission matrix calculation (markers). (b)
Representative fit of transmission matrix calculation (markers) to fitted formula (solid), with and
without avalanche multiplication.

A representative plot of the junction current is shown in Figure 3. Figure 3a,
reproduced from [20], compares the junction current measured and calculated. These
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apply to a diode having an anode area of 45 p.m
2

 with an active layer doping of 3x1017
cm-3 , measured at 100 and 300 K. The junction current is calculated using the
transmission matrix technique [32,34] and includes avalanche multiplication [33]. Since
these calculations are too slow for the iterative solution required by the harmonic balance
algorithm the usual thermionic emission formula was modified to include reverse current

Fig. 4. Optimization of 200 GHz doubler. The input power is 33 mW per diode. Square markers
reference 1X10 17 cm-3 doping, round markers 2X10 17 cm-3 . (a) 300 K block temperature. (b)
120 K block temperature.

[17]. It now has been further modified to include the current increase due to avalanche
multiplication.

Figure 3b compares the transmission matrix calculation with the values from the

Fig. 5. Optimization of 400 GHz doubler. The input power is 7 mW per diode. Square markers
reference 1X10 17 cm-3 doping, round markers 2X10 17 cm-3 , triangle markers 3X10 17 cm-3 . (a)
300 K block temperature. (b) 120 K block temperature.

modified thermionic emission equation used in the harmonic balance simulator.

Iv. DOPING OPTIMIZATION

One of the primary reasons for performing this work is to determine optimum doping
for multipliers at various frequencies, temperatures and pump powers. During the

190



24 --I

, 18

12 _4

- 6 -"u-.1

1.00

0.75 EE

0.50
cc

0.25 a.
0.00

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

fabrication process only one or two doping profiles can be included in a process run at a
time Since a range of multipliers is fabricated in each run, the dopings selected must
represent a compromise among the various optimum dopings.

Figures 4 through 6 depict diode efficiencies calculated at block temperatures of 120
and 300 K for 200, 400 and 800 GHz doublers using diodes with several dopings. The
results are plotted as a function of diode junction capacitance at zero bias, C io, since that
is more characteristic of circuit tuning with frequency than diode area.

Shown on each plot is both the calculated efficiency and the ratio of the peak reverse
voltage (PRV) during the pump cycle to the breakdown voltage. The limitations on the
diode efficiency are 1) the diode series resistance; 2) junction current, which represents a
circuit loss; 3) current saturation; and 4) the bias voltage and pump power must be
limited in order to prevent diode damage. Reverse current is more destructive at a given
power level than forward current as discussed in [36]. Therefore, prudence dictates that
the multiplier design include a safety margin between PRV and breakdown voltage, VBR.
Work is continuing at JPL to find an appropriate margin, but at this point it seems that the
PRVIVBR ratio should be less than about 0.8.

The results indicated in Figures 4 through 6 can be compared to the analytical optimum
doping formulas given in [37]. These equations incorporate the limitations to diode
multiplier performance due to junction breakdown and current saturation, both of which
are functions of doping and temperature. Further, they assume a particular profile of the
diode waveform during the pump cycle that is consistent with the results we have found.
Since the formulas don't take account of the series resistance, they can't determine the
achievable efficiency.

800 at Dcubler, 300 K, 7 mW

e 30

0
too 20

— 0.80
o.eo io0.40 -cc

 - 0.20
0 I 0.00 0

0.5 1 1.5 2 2.5 3 a5 4 45

q0 (fF)
(a)

800 Gl-k Doubler, 120 K, 7 niW

0.5 1 1.5 2 2.5 3 a5 4 4.5
CIO (fF)

(b)

Fig. 6. Optimization of 800 GHz doubler. The input power is 3.5 mW per diode. Square
markers reference 2X10 17 cm-3 doping, round markers 3X10 /7 cm-3 , triangle markers
4X10 17 cm-3 . (a) 300 K block temperature. (b) 120 K block temperature.

Assuming the active epi-layer is made just thick enough that the breakdown and
depletion region punch-through occur at the same time, equations (1) and (2) of [37] can
be combined with the standard expression for depletion width [38] to yield:

olt r
ND (opt) = 

V  e 
LVbi — PRV (IV D , Tr )] (2)

Vp' Ic q

where ND(opt) is the optimum doping, fout is the multiplier output frequency, vpk is the
peak electron drift velocity, e and q are the semiconductor permittivity and the electron
charge respectively, and Vbi is the built-in voltage — about 0.8 V. Since the parameters
are doping dependent, equation (2) must be solved iteratively. However, convergence is
fast.
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To determine a value for vpk , it seems reasonable to expect that the optimum operating
condition for the multiplier should be with the electric field across the undepleted epi no
higher than that corresponding to the peak static electron velocity found from the Monte
Carlo calculations. This is in the neighborhood of 4 to 5 kV/cm for donor concentrations
above lx10 17 crn-3 . Looking at the results of the MC simulations, the transient peak
velocities are generally around 1.25 to 1.4 times the static velocities for those field
strengths. For example, for a step of 5 kV/cm the electron velocity peaks at about
15.6x106 cm/s, after which it decays to the static value around 11.0x10 6 cm/s in 4 or 5 ps,
for a ratio of 1.4.

Table I. Optimum Doping, Simulation & Formula

Output
Frequency

Block
Temperature

Simulation
ND(opt)

Formula
ND(opt)

200 GHz 300 K �1X10" 1.1)0017

200 GHz 120 K �1X10" 0.5XI017

400 Gllz 300K ---,--2X1017 2.0X1017

400 GHz 120K •--,-1X1017 1.0X1017

800 GHz 300K >4X1017 6.9X1017

800 GHz 120 K -,3x1017 3.2X1017

Using these values, the peak velocities are in the neighborhood of 15 to 20x10 6 cm/s at
room temperature, ND between 10 17 and 10 18 cm-3 . At 120 K, the peak velocities are
between 28 and 32x106 cmis, ND being 5x10' 6 to5x10 17 cm-3 . In this case, for illustration,
the safety margin mentioned earlier will be dropped, and VB R will be used for the PRV.

300 K 200 GHz doubler, 12 um 120 K 200 Cliz doubler, 12 urn

170 180 190 200 210 220 170 180 190 200 210 220

Fout (GHz) Fout (a-tz)

(a) (b)

Fig. 7. Plots of measured and simulated 200 GHz doubler efficiency. The doping is 2X10 17 cm-3.
Anodes are 3 X 12 rim. Square symbols mark the measurements, triangles mark the simulations. (a)
300 K block temperature. (b) 120 K block temperature.

Table I compares the results from examining Figures 4 through 6 to those from the
analytical formula. The agreement is good within the limits of what can be gleaned from
the simulation plots.
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V. DISCTJSSION OF RESULTS OF IMPROVED MODEL COMPARED WITH MEASUREMENT

340 360 380 400 420 440 380 400 420 440

Fout (GHz) Fout (GHz)

(a) (b)

Fig. 8. Plots of measured and simulated 400 GHz doubler efficiency. The doping is 2X10 .1 7 cm-3.
Anodes are 1.5 X 4.51.1M. Square symbols mark the measurements, triangles mark the simulations.
(a) 300 K block temperature. (b) 120 K block temperature.

Using the same HB simulator, the existing designs for 200, 400 and 800 GHz doublers
were also simulated. A representative photo of these designs appears in Figure 1. Three
designs exist for the 800 GHz doubler [39], two variations of which include an on-chip
MIM capacitor with Si3N4 for bias decoupling. The third variation was fabricated using a
high-low transmission line low-pass bias filter. The 400 GFIz doubler was only fabricated

Fig. 9. Plots of measured and simulated 800 GHz doubler efficiency. The doping is 3X10 17 cm-3 . Anodes
are 1 X 1.2 11 M. Square symbols mark the measurements, triangles mark the simulations (a) 300 K block
temperature. (b) 120 K block temperature.

using the on-chip capacitor, whereas the 200 GHz doubler does its filtering with off-chip
single-layer chip capacitors. The results of the simulations are compared to the
measurements in Figures 7 through 9. The 800 GHz measured results for 120 K block
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temperature have not been presented before, and represent the highest output power
measured for an 800 GHz multiplier chain of which these authors are aware.

The agreement between mesurement and calculation is good, with one exception: When
the input power is high at the lower frequencies, the simulator overestimates the
efficiency. This is clear, for example in the range of about 188 GHz for the 200 GHz
doubler, and below 400 GHz for the 400 doubler. It appears as if the simulator is
analyzing multiplier power saturation incorrectly. The 800 GHz doubler does not exhibit
this behavior because it is not driven near saturation.

To confirm this, a power sweep measurement was performed on the 200 GHz doubler,
along with the corresponding simulation. The results presented in Figure 10 confirm this
problem. The agreement between simulation and measurement are good at the low power
end, but the multiplier actually saturates at a lower input power and produces a lower
output power than the simulator would predict.

475

450

425

400

375

350

5 325

0 300

0 50 100 150 200

Input Pother (mW)

Fig. 10. Measured and simulated power sweep of the 200 GHz doubler. The frequency is 212 GHz. Square
markers indicate the measurements, triangles indicate the simulation. Also shown is the simulated
temperature.

An additional artifact of the modeling that appears in the optimization plots, especially
Figure 6, is the kink at lower Cio. This is due to a change in the width of the anodes at that
point, give smaller diodes that can still be fabricated. The algorithm used to find the
ohmic contact and spreading resistance for the rectangular diodes may be inaccurate for
these small diodes. This needs to be investigated further.

VI. CONCLUSION

The improvements to the harmonic balance analysis and diode model that have been
presented give results that match the measurements for 200, 400 and 800 GHz doublers
very well. Further, low temperature measurements on one of the 800 GHz doublers have
given a very high output power of 2 mW.

Nevertheless, there is room for improvement in the modeling, especially for multipliers
running near saturation. Several possible improvements in the model will be tried. First,
the way in which the harmonic balance simulator handles multipliers with several diodes
will be made more realistic. Instead of assuming the power is equally divided, the diodes
will receive power as determined by the circuit used, accounting for the coupling between
them.

Second, at high input power there is some effect that is not accounted for. For example,
the reverse current electrons at high reverse bias have a great deal of energy with respect
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to the material in the undepleted epi. One could surmise that these electrons will also stay
in the upper low-mobility valleys, and may in fact increase the series resistance without
being part of the normal high-field current saturation mechanism. These possibilities will
be investigated in further studies, including the further application of Monte Carlo
methods.
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Abstract-- In this paper, the design and optimization of a varactor sideband generator
(SBG) is presented. The integration of the diode with the embedding circuit enhances
mechanical robustness and makes the circuits easy to handle compared with a whisker-
contacted diode structure. A nonlinear analysis was used to determine the optimum
varactor diode parameters for use at 600GHz, yielding an anode diameter of 1.8 j.im and an
epitaxial layer doping of 1 x10 17

 
A 200 GHz SBG is also implemented as a proof-of-

principle. The measured results for 200 GHz are presented. The measured upper sideband
conversion loss is 7-10dB over more than 20 GHz tuning range.

Index Terms-- Conversion loss, epitaxial layer, millimeter- and submillimeter-wave
sources, varactor sideband generator.

I. INTRODUCTION

Millimeter- and submillimeter-wave sources can be used for a variety of applications
ranging from molecular spectroscopy to wireless communications. However, there is a
lack of frequency tunable sources at these wavelengths. A sideband generator (SBG) can
be used to generate frequency tunable sidebands from a fixed source, and is therefore a
commonly used device.

The best Schottky diode SBG in a corner cube mount gave 10.5 IA W of single sideband
(SSB) output power with a conversion loss of 31 dB at 1.6 THz [1]. These results were
improved dramatically with the application of varactor diodes as phase modulators. Two
whisker-contacted varactor SBGs at 80 GHz and 1.6 THz were investigated by Kurtz [2],
[3]. By switching to varactor diodes the conversion loss was improved to 14 dB at 1.6
THz. However, it has proved difficult to further develop these SI3Gs because of the
difficulty in making the whisker-contact to the diode. This paper will describe a novel
varactor-based SBG using planar diodes that overcomes the difficulties with previous
designs. A proof-of-concept 200 GHz SBG is presented with measured results and a design
of 600 GHz is discussed.
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H. BASIC THEORY AND SBG LAYOUT

For a SBG, it is most appropriate to use a low frequency to pump the diode due to the lack
of power at high frequencies. A typical IF microwave source can easily fully pump the
varactor and the LO signal will cause negligible capacitance modulation of the varactor.
Better conversion loss can be achieved by this design [4]. Different IF pumping signals
will lead to different conversion loss as described by Kurtz [3]. Ideally, the best
achievable conversion loss, 3.94 dB, can be obtained using a bipolar square wave 180
phase modulation,. The integrated varactor SBG circuit design is also based on this
theoretical consideration. An open block photograph of the investigated SBG is shown in
Fig. 1,

Fig. 1. Photograph of planar varactor circuit in SBG open block

The varactor and SBG circuitry are fabricated on a fused-quartz substrate, which is located
in the microstrip channel. Waveguide-to-microstrip transitions are used to couple the high
frequency signal from the waveguide and reflect its sidebands back to the waveguide. The
microwave IF signal is applied to the varactor to control the LO signal phase shift. A low-
pass microstrip filter is used to resonate the varactor and to block the LO signal.

III. SBG DESIGN AND SIMULATION

The SBG equivalent circuit model is shown in Fig. 2. The planar Schottky varactor is
modeled by a junction capacitance C, a series resistance R, a finger inductance L fg, a
finger to pad capacitance C fp and pad to pad capacitance Cpp. The main design goal is to
determine the varactor parameters and load impedance to realize LO signal 180 phase
modulation.
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C p

Fig. 2. Equivalent circuit of SBG

In order to achieve better phase modulation, the junction capacitance is initially set to
resonate with the finger inductance at the LO frequency. The other varactor equivalent
circuit parameters are first estimated based on previous simulations [5]. The Lfg and qo are
optimized to give maximum phase shift for S 11 . These values are translated into varactor
dimension, such as anode size and finger length, according to typical formulas in [6]. The
Ansoft High Frequency Structure Simulator (HFSS) is then applied to simulate the
varactor integrated circuits. Coaxial ports were used at the anode junction, as described in
[7]. Using this technique, all the varactor parasitic parameters including the filter circuit
are analyzed in the HFSS. However, the nonlinear junction cannot be simulated since it
changes with the pump. In order to include this nonlinear element, the three port 5-
parameter is exported into the microwave simulator package, Microwave Office, as a 3-
port network. S ii is simulated again with the coaxial port terminated by a series junction
resistor and capacitor, which is calculated based on anode size. This process is repeated to
determine the varactor parameter, which will give a 180deg phase shift in reflection
coefficient.

The 600 GHz Schottky varactor was optimized to have an epitaxial layer doping of l x1017
cm

-3
 and an anode diameter of 1.8 11M. The finger length is set to 20 um. Since it is difficult

to measure the S-parameters at 600 GHz, the 200GHz SBG was also designed to verify the
theory. To make the fabrication simple, the same doping wafer is used. The anode size was
chosen to be 4.3 gm with zero bias junction capacitance, Co 15 if. The theoretical

reflection coefficients with varactor bias voltage varying from -10 V to 0.5 V are shown in
Fig. 3. The predicted 200 GHz return loss is around 1 dB, while the 600 GHz SBG is
around 4 dB (with the microstrip and waveguide assumed lossless). The difference is due
to the series resistance, which is determined by the anode size. The 200 Gliz SBG junction
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series resistance was calculated to be 6 a The junction resistance for the 600 GHz SBG
was calculated to be 18 K2.

Fig. 3. SBG S i1 phase variation with sweeping of bias voltage

IV. FABRICATION AND MEASUREMENTS

The integrated circuits were fabricated in UVA Semiconductor Device Lab according to
the simulation results. The SEM photo of 600 GHz varactor is shown in Fig. 4.

Fig. 4. SEM photo of 600 GHz SBG varactor structure

The varactor I-V curves and junction capacitances were measured, and were found to be
similar to the simulation. The 200 GHz SBG blocks were first assembled and tested with
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suitable circuits. The circuit S-parameters were measured with the Agilent 8510C Vector
Network Analyzer (VNA) and an Oleson Microwave Lab WR-5 Extension (140-220
GHz). One of the reflection coefficients, S i 1 , corresponding to different varactor voltage
biases was plotted in Fig. 5. The simulation result is also shown. The phase variation was
nearly 180deg, which is quite similar to the design. However, the return loss is about 2 dB
larger than the design. This increased loss is believed to be caused by dielectric and
conductor losses, which are not considered in the simulation.

Fig. 5. Comparing S 11 phase variation with different voltage bias

After the S-parameter measurement, the 200 GHz sideband generator conversion loss was
tested. The test setup is shown in Fig. 6. It consists of WR-10 and WR-5 waveguides and
components. A 100 GHz chain source is used to provide about 120 mW power. After a
100-200 GHz frequency doubler, the 200 GHz LO power is slightly more than 20 mW as
measured by an Anritsu power meter. The WR-5 isolator is used to reduce the reflected
signal effect. However, due to the large insertion loss of WR-5 isolator and WR-5 direction
coupler, the SBG LO pump power at 200 GHz is about 1 mW. The modulating signal
power is fixed at 15 dBm.

201



x2

coupler

2 4 6 8 10 12 14 16 18 20
IF Frequency (GHz)

Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

100 GHz WR-10 100-200 GHz WR-5 WR-5
chain source isolator doubler isolator directional

Side-
Band
Gen.

Spectrum
Analyzer

Subharmomc

'4111

mixer
Microwave

source

Fig. 6. The 200 GHz SBG conversion loss measurement setup

The reflected signals, LO and sidebands, are coupled into the coupling port of WR-5
directional coupler, and then sent to a 200 GHz subharmonic mixer RF port. The output IF
signal from the mixer is sent to an Agilent 8565E spectrum analyzer. After calibrating out
the mixer conversion loss and coupling loss, the SBG conversion loss is calculated, which
is shown in Fig. 7. Over a 10 GHz frequency range, better than 10 dB conversion loss is
achieved with 0 dBm input LO power.

Fig.7. The test result of 200 GHz SBG conversion loss
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V. CONCLUSION AND DISCUSSION

In this paper, an integrated varactor SBG is investigated. The 200 GHz SBG is
implemented and tested. The reflection coefficient simulation agrees well with the test
results, which provides practical instructions for higher frequency SBGs. Higher LO
power, 10 mW, was also applied to the 200 GHz SBG. The upper sideband output power is
about 1 rnW, which indicates 10 dB conversion loss. The 600 GHz SI3G will be tested
using a solid state source and laser source. It's also expected that this SBG can be scaled to
THz frequencies to provide a high power tunable source.
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A Photonic Local Oscillator
for an SIS Mixer in the 100 GHz Band

T. Noguchi, A. Ueda, H.Iwashita, Y. Sekimoto, M. Ishiguro,
T. Ishibashi tY1 , H. hot , and T. Nagatsumatt

Nobeyama Radio Observatory
WTT Photonics Laboratories, NTT Corporation
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Abstract
We have developed a waveguide-mounted photomixer in the 75-115 GHz band with a uni-

traveling carrier photodiode which is optically-pumped by two 1.55-gm lasers. We have suc-
cessfully demonstrated to produce an output power of ,2 rnW at 100 GHz with an input laser
power of -400 mW. An SIS mixer has been pumped by the photomixer as a local oscillator.
It is found that in this configuration the photomixer can provide a sufficient local oscillator
power required for optimum operation of the SIS mixer in the frequency band from 85 to 110
GHz. We have carried out similar experiment using a Gunn-diode local oscillator source and
carefully compared the receiver noise temperature of the SIS mixer with those pumped by the
photomixer. It is found that the receiver noise temperatures of the SIS mixer pumped by the
photomixer is a little higher than those pumped by the Gunn oscillator.

Introduction
Millimeter- and submillimeter-wave heterodyne mixers based on the Superconductor-Insulator-
Superconductor (SIS) junctions have used a local oscillator (LO) source which is a combination
of a Gunn diode and multipliers. Since the LO source with the combination of a Gunn diode and
multipliers has a mechanical complexity and poor frequency coverage especially at submillime-
ter wavelength, a compact and mechanically-simple LO source with broad frequency coverage
is highly required for submillimeter-wave SIS receivers in the radio telescopes. Photornix-
ers, which generate a difference frequency of two diode lasers at millimeter and submillimeter
wavelength by photoconductive mixing, have been alternatively developed. Photomixers are so
compact solid-state sources with broad frequency tunability that they can meet the requirement
for the LO source of the SIS receivers at millimeter and submillirneter wavelengths.

It has been recently shown that photomixers using a uni-traveling carrier photodiode (UTC-
PD) have a great potential for generation of millimeter-wave radiation with a bandwidth as high
as 220 GHz [1]. Based on a simple analysis, it is expected that a 3-dB falloff bandwidth of
the UTC-PD determined by carrier traveling time can be in a THz range [2]. The UTC-PD
photomixer has emerged as one of the promising candidates to generate the millimeter- and
submillimeter-wave radiation.

1
Present affiliation: NTT Electronics Corporation
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We have designed a new photomixer using the UTC-PD for generation of W-band radia-
tion and successfully demonstrated to generate output power of —1 mW at 100 GHz by the
photomixer.[3] Although the output power of the photomixer is thought to be enough to pump
the SIS mixers as an LO of the usual receivers in this frequency band, noise characteristics of
the photomixer have not been fully understood. At present, it is especially important to know
the noise level of the photomixer when it is used to pump a low-noise SIS mixer as an LO. We
have systematically measured noise temperature of an SIS mixer pumped by the photomixer as
well as a Gunn diode as an LO. The measured noise temperature of those two cases are carefully
compared to estimate the noise level of the photomixer in reference to that of Gunn diode.

In this paper, design and performance of the photomixer using the UTC-PD in the W band
is briefly described. Then experimental results of measurement on noise temperature of SIS
mixers using the photomixer as well as the Gunn diode as an LO are presented.

UTC-PD Photomixer
We have made a waveguide photomixer in the W-band using the UTC-PD. Detailed design of

the UTC-PD and photomixer is described in Ref. [3]. A cross section of the photomixer mount
is schematically shown in Fig. 1. Photographs of the mixer mount and the diode chip are also
shown in Fig. 1.

Lasers (A, = 1.5ym) provided by two distributed-feedback (D1-13) semiconductor laser-diodes
are combined by a coupler into an optical fiber and then amplified by an optical fiber amplifier.
The amplified lasers are focused onto the UTC-PD by a lens located in the photomixer mount.
Schematic diagram of the photomixer experiment is shown in Fig. 2. The position of the lens is
precisely aligned against the photodiode so that maximum power of millimeter-wave radiation
is available at the output port of the photon-fixer mount. The output millimeter-wave radiation
from the photomixer is detected by a spectrum analyzer with a harmonic mixer (HP11970) or a
Schottky-diode detector.

In Fig. 3 output of the photon-fixer power measured by a Schottky-diode detector is plotted
as a function of the photocurrent of the UTC-PD. It is noted here that the photocurTent of the
UTC-PD induced by lasers is approximately proportional to the amount of laser power coupled
to the diode in the experiment at lower frequency[4]. It is clear that the output power increases
approximately in proportion to the photocurrent (or the input laser power) at lower photocurrent.
At the photocurrent of 20 mA the output power reaches ,2 mW, which is, as far as we know,
one or two orders of magnitude higher than those generated by photomixers in this frequency
band. [5]

In Fig. 4 a typical spectrum near 100 GHz of photomixer output is shown. Width of the
output spectrum of the photomixer is less than 10 MHz, which is mainly governed by fluctuation
of frequencies of the two lasers, since freely-running lasers are used in the experiment. It should
be noted that no serious spurious peaks are found in this frequency range.

SIS Mixer Experiment
The photomixer was used as an LO source for STS mixers in the 100 GHz band. The photomixer
output and an RF signal are combined by a cross-guide coupler with a coupling efficiency of
< -20 dB placed on the 4-K stage in the dewar and then coupled into the SIS mixer. This LO
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coupling scheme is popularly used in low-noise receivers at millimeter wavelengths. Schematic
diagram of a low-noise receiver employing SIS mixer associated with an LO source of the
photomixer is shown in Fig. 5.

In order to compare noise of the photomixer with that of Gunn-diode oscillator, we have
carried out similar experiment using a Gunn-diode LO source. Then, we carefully compared
receiver noise temperatures of the SIS mixer pumped by the photomixer with those pumped by
the Gunn-diode oscillator.

Results and Discussion
Pumped and unpumped I-V curves of an SIS mixer by the Gunn-diode oscillator and pho-

tomixer at 100 GHz as well as the hot (295 K) and cold (80 K) total IF power response are
shown in Fig. 6(a) and (b), respectively. We have found that the photomixer is able to provide
a sufficient LO power required to pump the SIS mixer in the frequency band from 85, which
approximately corresponds to a cut-off frequency of the waveguide in the cross-guide coupler
and mixer block, to 120 GHz. The frequency dependence of the achieved receiver noise temper-
ature for the Gunn-diode LO as well as for the photomixer LO are shown in Fig. 7. It is found
that no significant difference between the noise temperatures of the SIS mixer pumped with
the Gunn diode and phtomixer is observed in this measurement. However, it is noted here that
magnitude of the noise temperature of the SIS mixer is higher than those of usual SIS mixers
in this frequency band. Since we suspected that the small amount of LO noise is deafened by
the mixer noise, we carried out the same experiment using an SIS mixer with much lower noise
temperature.

In Fig. 8, the receiver noise temperatures of the lower noise SIS mixer pumped with the
photomixer LO and Gunn-diode LO are shown. In this case, the receiver noise temperature
for the photomixer LO is systematically higher than that for the Gunn-diode LO. This result
indicates that the photomixer has an "excess noise" with equivalent temperature from 15 to 25
K compared to the Gunn-diode oscillator.

It should be noted that photocurrent in the photomixer used in the second experiment is
approximately half of that in the first experiment, when the same amount of laser power as that
in the first experiment is applied. This is due to degradation of the photo-diode and/or poor
alignment of optical system. As a result, output power of the photomixer was approximately 40
% of that in the first experiment.

We found that the "excess noise" increases as the laser power is decreased keeping the input
power to the photomixer constant. We confirmed that noise figure (NF) of the optical fiber
amplifier is approximately constant and independent on its gain. These results indicate that the
"excess noise" is mainly dominated by the amplifier noise. It is expected that the "excess noise"
can be suppressed by the increase of output power of the photomixer. We think the fact that the
"excess noise" obtained in the first experiment is quite small is achieved by high output power
of the photomixer.

Another noise source is harmonic oscillations generated in the photomixer, because side-
band noise of the harmonic oscillations might be down-converted to the IF frequency in the SIS
mixer. A recent experiment of an open-structured photomixer carried out by Hirata et [6]
and indicates that significant amount of harmonic oscillations are excited in the photomixer. It
is possible to eliminate the harmonic oscillations penetrating into the SIS mixer by adopting an
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adequate low-pass filter in the output port of the photomixer. Although reason of the "excess
noise" of the photomixer has not been fully understood yet, we are now studying the noise issue
in the photomixer.

Summary
We have exploited a photomixer for generation of millimeter wave at W band using a UTC-PD
and successfully demonstrated to generate millimeter-wave radiation with a power as high as 2
mW in the 100 GHz band. As far as we know, this is the highest output power ever generated by
any kind of photomixers in this frequency band. An SIS mixer was pumped by the photomixer
as an LO and we found that the photomixer can provide a sufficient power to drive the SIS
mixer. It is found that the noise added to the 515 mixer by the photomixer is a little higher than
that by a Gunn oscillator. Although origin of the additional noise of the photomixer has not been
fully understood yet, we are studying to find the origin of the additional noise experimentally
as well as theoretically.
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Fig. I Cross section of the photomixer mount (left), photographs of phtomixer mount (top
right) and a UTC-PD chip (bottom left).

Fig. 2 Schematic layout of a photomixer oscillator.
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Fig. 3 Output power of the photomixer as a function of photocurrent induced in the photodiode
by the laser irradiation.

Fig. 4 Typical measured spectrum of the photomixer output.
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Fig. 6 Pumped and unpumped I-V curves and total IF power (a) by a Gunn oscillator and (b)
by a photonic oscillator.
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LO Frequency (GHz)

Fig. 7 Receiver noise temperature of an SIS mixer pumped with the photornixer and
Gunn-diode oscillator as a function of frequency.

LO Frequency (GHz)

Fig. 8 Receiver noise temperature of an SIS mixer with good noise characteristics pumped
with the photomixer and Gunn-diode oscillator as a function of frequency.

212



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

MILLIMETER- AND SUBMILLIMETER-WAVE ELECTRODYNAMIC
PROPERTIES OF POLYMER ELECTRO-OPTIC MATERIALS

Mark Lee, Oleg Mitrofanov, and Howard E. Katz
Bell Laboratories, Lucent Technologies, 600 Mountain Ave., Murray Hill, NJ 07974

The bandwidth of commercial optical telecommunications technology has recently
crossed into millimeter-wave frequencies (i.e. 40 GHz), and there is now a strong research
effort aimed at extending these bandwidths deeper into millimeter-wave and perhaps even
into submillirneter-wave frequencies. Materials with electro-optic optical non-linearities
are inherent in such communications systems, since they allow a voltage signal to
amplitude or phase modulate an optical carrier. Alternatively, an electro-optic material can
be used in conjunction with optical interferometric techniques to form a phase-sensitive
detector of THz waves. The fetToelectric perovskites most commonly used as electro-optic
materials up to 40 GHz have crippling limitations that render them unusable at bandwidths
exceeding 80 to 100 GHz. 1 Therefore, there has very recently been a resurgence of interest
in the non-linear optical properties of conjugated polymer-based materials. The very fast
and nearly lossless electron transfer along rc-conjugated bonds in such polymers promise a
very high intrinsic frequency response with little index dispersion over a very broad
bandwidth. Also, recent progress in the chemical synthesis of electro-optic polymers2 has
resulted in materials with electro-optic coefficient as high as 75 pm/V, or greater than three
times that of LiNb0 3, which is the most widely used electro-optic material today.

Using a combination of vector network analysis and pulsed THz time-domain
spectroscopy, we have measured the real and imaginary dielectric properties of several
different polymer host matrices and polymer electro-optic chromophores across the
frequency range 0.05 to 600 GHz. All these polymer materials have very desirable
properties for use as either electro-optic modulators or detectors at millimeter- to
submillimeter-wave frequencies. The indices-of-refraction measured are all fairly low, in
the range of 1.3 to 2.0 for all materials, and show very little dispersion up to at least 200
GHz and even up through 600 GHz in at least one case. Moreover, these index values are
within approximately 15% of the corresponding optical indices at 1.5 pm wavelength for
each polymer, making the engineering of high-efficiency velocity-matched collinear
optical and millimeter-wave waveguides much simpler than with perovskite materials.
Finally, these polymers have very small dielectric loss tangents up to at least 250 GHz.
Typical loss tangents are comparable to, and in some cases smaller than, the loss tangent of
a Teflon reference in this frequency range. Therefore, we expect negligible parasitic
dielectric loss in millimeter-wave electro-optic devices made from these materials.

As an example of a very wide bandwidth electro-optic device, we have also designed,
fabricated, and tested a prototype polymer optical modulator with optical response
bandwidth exceeding 200 GHz.

'Mark Lee, Appl. Phys. Lett. 79, 1342 (2001)
2Y. Shi, C. Zhang, H. Zhang, J. H. Bechtel, L. R. Dalton, B. H. Robinson, and W. H. Steier, Science 288, 119
(2000)
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THZ field generation and manipulation by
coherent control over phonon-polaritons

T. Feurer, Joshua C. Vaughan, Nikolay S. Stoyanov,
David W. Ward, Keith A. Nelson

Department of Chemistry, MIT, Cambridge, MA 02139

kanelsonOmitedu

Abstract: Here we present experimental demonstrations of coherent control
over phonon-polaritons and the associated THz fields by employing spatial-only,
temporal-only, and spatiotemporal pulse shaping to steer, focus, and amplify the
propagating THz fields. In addition, we show that spatial-only control allows for
the generation of specific excitation profiles, including circular excitation geome-
tries that lead to focusing and increased peak amplitude/intensity levels. The
polariton host crystals may be uniform or may be patterned into waveguide, res-
onator, polaritonic bandgap, and other structures. The capabilities enable multi-
plexed solid-state THz signal generation, signal propagation among specified ad-
dresses, signal manipulation, and signal readout, all without loss of bandwidth.

Mixed polar lattice -vibrational and electromagnetic modes, called phonon-polaritons, which
propagate at light-like speeds through their host crystals are unique and powerful sources
of THz radiation. One way to excite them is by non-resonant impulsive stimulated Raman
scattering using femtosecond laser pulses. New techniques in spatiotemporal imaging and
spatiotemporal and spatial-only femtosecond pulse shaping and structuring of crystal ma-
terials have been developed to enable versatile spatiotemporal coherent control over the
propagating phonon-polaritons and thereby over the associated THz fields.

Achieving control over propagating coherent responses places new demands on both the ex-
citation and probing processes. In particular, it must be possible to generate excitation light
fields that are specified functions of both time and position, and it must also be possible
to monitor the time and position-dependent responses. Programmable spatiotemporal fern-
tosecond pulse shaping, through which a single light beam with a single femtosecond pulse
may be transformed into many spatially separated light beams, each of which has a specified
time-dependent waveform, has been developed [1] and very recently improved -2 to achieve,
the high fidelity necessary for coherent control applications. Separately, spatiotemporal imag-
ing of propagating, coherent lattice modes has been reported [3]. The combination of these
two capabilities enables automated spatiotemporal coherent control over lattice waves that
propagate at light-like speeds.
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Fig. 1. Polariton responses to a series of about 20 spots, generated through spatiotemporal
femtosecond pulse shaping. (LH column) Tilted polariton wavefronts resulting from pulses
an  at excitation spots separated along the vertical dimension at progressively later
times, with a linear relation between temporal delay and spatial location of the spot. (center
column) Polariton focusing specified through a parabolic relation between temporal delay
and spatial location of the spots along the vertical dimension. (RH column) The excitation
spots are horizontally arrayed. Excitation pulses arrive at the LH spot first and sweep toward
the right, resulting in polariton amplification.

Figure 1 shows results of experiments conducted in LiTa0 3 crystals, using 800 nm spa-
tiotemporally shaped excitation waveforms and variably delayed, 400 nm probe pulses. The
images of the polariton responses were projected onto a CCD 131. The LH column shows
the result of a linear temporal sweep in which the uppermost excitation spot was irradiated
first, then the spot below it and so on Different linear sweeps were used to steer polariton
responses along selected directions. The center column shows the result of a parabolic tem-
poral sweep in which the first pulses arrived at the top and bottom spots, the next pulses
arrived at the adjacent spots, and so on, with the last pulses arriving at the middle spots.
Polariton focusing with various focal lengths was conducted by varying the curvature of the
parabolic temporal sweep. A combination of linear and parabolic delays was used for both
focusing and steering, i.e. to direct focused polaritons to selected locations. The RH column
shows polariton amplification, achieved with a sequence of pulses moving from left to right
with temporal and spatial delays fixed to match the polariton group velocity. The phonon-
polariton response propagating to the right is amplified substantially, while the unamplified
responses propagating toward the left are only barely visible.
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Besides active coherent control we demonstrate passive control over phonon-polariton prop-
agation by laser-machining integrated waveguide structures on a LiNb0 3 platform. Because
the wavelengths of phonon-polaritons is typically on the order of a few ten to a few hundred
microns, femtosecond laser-machining offers a versatile tool to fabricate waveguides and more
complex integrated waveguide structures.

Fig. 2. Phonon-polariton propagation in a laser-machined wave ccuide structure.

Figure 2 shows a series of snapshots of a phonon-polariton being focused into a laser-machined
waveguide structure. The waveguide is 0.2 mm wide and 1.7 mm long. The walls of the
waveguide appear blurry, because the CCD camera was moved out of the image plane to
achieve high contrast phase imaging. The white bars have been added by image processing
and indicate the location and width of the waveguide walls. Immediately after entering the
waveguide the phonon-polariton wavefront becomes perfectly plane and remains so until the
phonon-polariton exits the waveguide. The last image shows the diverging phonon-polariton
as it comes out of the waveguide.

More complex structures, for example an integrated Mach-Zehnder interferometer, have been
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fabricated and their functionality has been shown.

Applications of our results include programmable generation of user-defined THz waveforms,
nonlinear THz frequency spectroscopy, and THz-bandwidth signal processing applications.
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NOVEL TUNABLE SOURCE FOR GENERATION OF THZ RADIATION

L. Maleki, H. Javadi, and V. Ilchenko
Quantum Sciences and Technology Group

Jet Propulsion Laboratory
Pasadena, CA 91109

This paper describes a new approach aimed at the realization of a multi-channel spectrum
analyzer for terahertz radiation. The approach is based on the novel technology of
whispering gallery mode resonators that is inherently suitable for spacecraft
instrumentation.

Photons at terahertz frequency are the most ubiquitous in the universe. Aside from cold
interstellar clouds, and other cosmic sources, water, and all water bearing and cold (less
than 600K) bio-matter emit terahertz radiation. The ability to sensitively detect terahertz
radiation with a spacecraft instrument is a powerful technique for remote detection of extra
terrestrial biotic and pre-biotic matter. Such an approach however requires the ability of
wide-spectral and narrow-band receivers to realize the function of multi-channel spectral
analysis.

Current technology for generating spectrally pure terahertz signals to realize coherent
detection is grossly lacking in performance and suitability for spacecraft applications, as
compared with millimeter wave technology. The most effective means to generate terahertz
radiation involves lasers locked to modes of a high finesse optical cavity, and used for
heterodyne frequency generation. This approach has a number of disadvantages, including
the requirement for a bulky cavity and limitations associated with broad line-widths.

The technology of micro-resonators can be applied to this problem. In particular, novel
microtorus resonators recently developed at JPL can be used to generate a comb of
frequencies, separated by a desired amount (say, 100 to 400 GHz) over a range of 1520 to
1575 nm. Because of the high Q of the resonators -9x10 9, the line-width of these lines are
extremely narrow. With photomixing, such a comb can be used to synthesize a wide
spectrum of terahertz frequency. We will also study and develop whispering gallery mode
micro-resonators at terahertz frequency, to enable filtering and processing functions
required for a spectrum analyzer.

Aside from applications to water and biomass detection, the development of sources and
components mentioned above are extremely useful for terahertz astronomy,
communications, and remote sensing of Earth. After completion of this seed effort, we
anticipate funding from NASA and DOD for further development of this technology.
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Generation of Millimetre and Sub-Millimetre Waves by Photomixing
in a 1.55 ttm wavelength Photodiode.
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Abstract; We report on the generation of radiation at frequencies from 70 GHz
to above 600 GHz by photornixing in commercially available 70 GHz bandwidth
photodiocles. The mm-wave and sub-mm-wave power was generated in W-band
waveguide mounts by the beating of two 1.55 pm laser beams. Maximum optical
to mm-wave power conversion efficiencies above 1 % were measured at
frequencies between 75 GHz and 110 GHz, where an input power of +10 dBm
yielded a non-saturated output power above -10 dBm. Measured output powers
fell approximately as (frequency) -4 above 140 GHz, so that a power of
approximately -40 dBm was detected at 625 GHz. We remark that the waveguide
mount is non-optimised for frequencies above 110 GHz, and so these
measurements represent a lower limit on the generated power.

Introduction: Photomixer, also known as photonic, sources generate power at the
difference frequency of two visible or near infrared laser beams by using ultrafast
photoconductors or photodiodes. We have constructed photornixers based upon
commercially available 1.55 pm photodiodes [1] which have a 70 GHz analogue
bandwidth, our objective being the provision of photonic sources for use as phase
references, phase calibrators, and local oscillators for heterodyne receivers in the
ALMA telescope [2].

The work presented below has extended previous W-band measurements oh the
photodiodes [3] by incorporating modified devices into a waveguide mount.
Advantages of this approach include the ability to provide optimised photodiode-
embedding circuit impedance match conditions, e.g. by the use of stub tuners, and the
ease of interface with standard waveguide components. The stub tuner approach is
particularly useful in the case of photodiode mm-wave sources, as the effects of large
and sometimes uncertain capacitance on the high frequency roll-off of the responsivity
can be reduced. Our findings on the advantages of this waveguide mount approach have
already been reported [4, 51.

e-mail: p.g.huggard@rl.ac.uk
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In what follows, we describe how the 1.55 pm wavelength photodiodes were adapted
for use in the specially designed W-band waveguide mount. We further report how the
cleaved single mode optical fibre was fixed in position with respect to the photodiode
chip to form a compact and mechanically stable mm-wave source. Results are presented
showing the dependence of mm-wave power on optical input power and on applied
bias. Although the mount is optimised for W-band frequencies, i.e. from 75 GHz to
110 GHz, and the diode bandwidth is below 100 GHz, we have been able to measure
powers at frequencies from 70 GHz up to the optical source imposed limit of 625 GHz.
Finally, we demonstrate the reproducibility of the design by comparing the W-band
characteristics of two photomixers for fixed backshort tuning.

The photomixing source and apparatus: The p-i-n photodiodes utilised are epitaxially
grown on InP and are supplied as chips 2 mm in length and 500 pm in width. Incident
1.55 grn radiation is injected through an antireflection-coated facet and passes via a rib
waveguide to the 5 pm x 20 txm photodiode [6]. The photodiode output contact is
connected to the centre conductor of a short length of 50 K2 coplanar waveguide.
Manufacturer's data indicates an external DC responsivity about 0.4 A/W at a reverse
bias of IV with a bandwidth of 70 GHz in a 50 K -2 environment [6].

Our waveguide photomixer approach requires that the photodiode chip is enclosed in a
metal channel. The cross-sectional dimensions of the supplied photodiode substrate are
relatively large compared to the operational wavelength and longitudinal propagation of
radiation in a waveguide mode may occur for frequencies above 94 GHz. Propagation
of such a mode in the channel would represent a loss of power from the desired TElo
mode in the WR-10 output waveguide. To address this problem the chips were
mechanically thinned to 200 tun and reduced in width to 380 pm: this modification
increases the cut-off frequency of the undesired mode to 145 GHz.

Figure 1: Photograph of u2t photodiode chip (right centre) incorporated in a photonic mixer
block.
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A modified chip, appearing as the predominantly black area on the centre right of
Figure 1, was fixed in the channel of a photomixer block. The dark rectangular area in
the middle of the photograph is the end of the WR-10 waveguide. Constant voltage bias
is applied to the photodiode by means of a radio frequency choke structure defined on a
200 trm thick quartz substrate. This is visible on the left hand side of Figure 1. A wedge
shaped gold foil extends across the WR-10 waveguide to make contact with the output
conductor on the photodiode chip. The electrical connection between the photodiode
contacts and the foil probe is made by means of low melting point InSn solder.

A single mode optical fibre transports the 1.55 [cm radiation to the photomixer.
The stripped fibre enters the photodiode channel from the right-hand side as viewed in
Figure 1 and its cleaved end is positioned about 40 pin from the chip facet. The fibre is
glued into a stainless steel ferrule, which passes through a hole in the block and is then
clamped to an x-y-z positioner. When alignment between fibre and chip has been
optimised, the ferrule is fastened to the photomixer block by epoxy resin. After this has
cured, the rigidity of the bond is such that light finger pressure on the exposed ferrule
does not disturb the fibre to chip alignment.

In use, the photomixer block is capped with a metal lid through which the rectangular
waveguide continues. A sliding backshort in this waveguide may be adjusted by means
of a micrometer screw: Figure 2. To give an idea of scale, the rectangular block
dimensions are 20 mm x 22 mm x 7 mm. The micrometer adjustment mechanism for
the backshort could be eliminated in a future fixed backshort production device,
considerable reducing the source height. This figure also shows the SMA bias connector
and the epoxied stainless steel ferrule that supports the soft buffer coated fibre.

Figure 2: Photograph of completed photonic sources showing theWR-10 output waveguide and
the stainless steel fibre ferrule cemented to the block. The block base dimensions are 20 mm x
25 mm.
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Optical power is provided by two 1.55 um diode lasers whose outputs are combined
into a single mode fibre. The lasers and associated microprocessor driven control
electronics have been packaged into a single microprocessor controlled 19" rack unit by
NRAO. Frequency offsets from 1 GHz to 625 GHz and a combined output power above
+10 dBm are available.

Methods used to characterise the generated mm-wave power depended on the
frequency. An external W-band mixer connected to a spectrum analyser was used for
frequencies from 75 GHz to 200 GHz. Measured in-band powers were verified to within
1 dB by means of a thermocouple power meter. At higher frequencies the radiation was
coupled into free space by a rectangular feedhom antenna. For power measurement the
radiation was focussed into a calibrated Golay cell by a HDPE lens. Alternatively, for
frequency verification outside the range of the spectrum analyser, the mm-wave signal
was coupled into a Fourier transform spectrometer: this confirmed that the radiation was
emitted at the difference frequency of the laser beams, and any higher harmonic
components could not be discerned from the measurement noise floor.

Experimental results and discussion: The DC external responsivity of the photodiode
was measured as 0.4 A/W for a reverse bias of 1.2 V, in good agreement with the
manufacturer's specification. Figure 3 presents the dependence of the mm-wave power
on optical power at frequencies of 75 Gliz and 100 GHz for a reverse bias of —1.2 V. In
both cases the expected square law response is observed, as indicated by the lines which
have a slope of two. Respective maximum mm-wave powers of —7.7 dBm (170 IA,W)
and —10 dBm (100 pW) are obtained for the maximum excitation power of +10 dBm
(10 mW). These values correspond to a power conversion efficiency of at least 1%. The
data shows no evidence of saturation and so mm-wave powers of at least 0 dBm would
be expected if this behaviour continues to the optical power limit of +16 dBm (40 mW).
For comparison purposes, powers of +10 dBm have recently been generated by strongly
saturated uni-travelling-carrier photodiodes [7] driven by mode locked laser pulses. The
pulse repetition frequency was 100 GHz and the average photocurrent was about
30 mA. Photomixing experiments in waveguide mounts with these photodiodes at the
same frequency yields +3 dBm (2 mW) for an input of +23 dBm (200 rnW) [8].

The bias dependence of the power at 100 GHz is shown in the Figure 3 inset for an
optical power of +8 dBm. The signal initially increases strongly as the bias is changed
from forward to reverse, and the power then saturates for reverse biases above 0.5 V.
The total contrast available by varying the bias by 1.4 V is about 10 dB. Decreasing
reverse bias increases the junction capacitance and possibly also increases the carrier
transit time. Both these effects reduce the overall detector bandwidth — see below - and
hence the mm-wave power at a given frequency decreases. This bias sensitivity offers
the facility to remotely control photomixer output powers, a useful feature if the
photomixer is to be used as a local oscillator for SIS mixers.
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Figure 3: Dependence of mm wave power on optical power at frequencies of 75 GHz (solid
circles) and 100 GHz (open squares) for a reverse bias of —1.2 V. The lines indicate a slope of
two The inset shows the dependence of the mm wave power on bias at a frequency of 100 GHz
and an optical power of +7.8 dBm (6 mW).

While measuring the above power dependences, the position of the backshort was
optimised at each frequency. Figure 4 displays the dependence of this maximised power
as a function of frequency between 75 GHz and 625 GHz. The measurements were
made at a reverse bias of 1 V and for a constant +10 dBm optical input power. The mm
wave power is found to peak at around —10 dBm for frequencies close to 100 GHz. A
sharp dip is observed in the region of 120 GHz, above which the power recovers and
then decreases approximately proportional to (frequency)-4 so that the detected power
above 600 GHz is about —40 dBm (100 nW).

The frequency response of the photomixer is determined by both photodiode properties
and by the characteristics of the photomixer block and coupling structure. The
photodiode bandwidth is a combination of the RC bandwidth (100 GHz) and the carrier
transit time, t„, limited bandwidth (110 GHz) [6]. The expected dependence of
microwave power on frequency, P(f), is thus a product of two terms, both varying as f 2

at high frequencies [9]:

c.c [1+ (23Tfr d )- ][1+ (2nfRC)2]
(1)
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Figure 4: Dependence of mm wave power on frequency for a constant excitation power of
+10 dBm (10 mW). The line is a guide to the eye and indicates a (frequency) -4 dependence.

Within the band of the photornixer block, 75 GHz to 110 GHz, the effects of
capacitance on the roll-off with frequency can be reduced by tuning the backshort
appropriately. This tuning become less effective as the frequency rises and the
waveguide becomes overmoded. HFSS calculations show that radiation can propagate
in the photodiode and choke channels for frequencies above 150 GHz: this is a potential
further loss mechanism. In addition the feedhom beam pattern is unknown at high
frequencies and the efficiency of coupling generated power to the Golay cell detector
may therefore be lower. All these factors are tend to reduce the detected power and thus
the data displayed in Figure 4 actually represents a lower limit on the available mm-
wave power. We note that a power above —30 dBm is available at frequencies up to
300 GHz. This power level demonstrates the suitability of this non-optimised
photomixer, when driven by an appropriately phase locked laser system, as a local
oscillator source for an SIS mixer up to 300 GHz.

We mention that the sharp dip in the spectrum at about 120 GHz is probably a
consequence of placing the photodiode close to the waveguide wall and contacting to it
by means of a probe extending across the guide. The equivalent circuit of this
geometrical arrangement is a series LC combination in parallel with the photodiode
[10]. This LC circuit has a short circuit resonance in full height waveguide at
approximately twice the cut-off frequency of the TE lo mode. For our WR-10 waveguide
the cut-off frequency is about 59 GHz, and thus the dip position is consistent with this
explanation. This undesirable drop in output power can be eliminated by reducing the
height of the waveguide or by positioning the source centrally in the waveguide [11].

Finally, to demonstrate the reproducibility of our design, we compare the performance
of two photomixers: Figure 5. This graph shows the performance of the two sources for
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a fixed backshort tuning which maximised the 90 GHz power. One photomixer (red
squares) was driven by the University of Kent laser system [4] and the second (blue
circles) was used in the study with the NRAO source described above. The output
spectra are similar in shape over most of the waveguide band, although some difference
can be seen above 100 GHz. Output powers from the first mixer have been scaled by a
few dB to achieve a better overlap of the curves. The discrepancy between curves is not
surprising given differences between the laser systems, the responsivities of
photodiodes and the manual assembly methods used to shape the probe, assemble the
devices and position the fibre. We envisage that a production photomixer should
incorporate a photolithographically defined probe on a quartz substrate which would
present an impedance matched load to the photodiode. This should assist the production
of photomixers with similar performances and with a lower W-band frequency
dependence.
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-40
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Figure 5: Comparison of the W-band tuning of two photomixers, both of which were fixed
tuned for optimum power at 90 GHz. For comparison purposes the red data points have been
scaled by a few dB to better overlap the blue points. The curves are a guide to the eye.

Conclusion: Ultrafast photodiodes have been coupled to rectangular W-band waveguide
in a specialised mounting incorporating a tuneable backshort. Non-saturated peak
powers above —8 dBm (-10 dBm) were generated at frequencies of 75 GHz (100 GHz)
with power conversion efficiencies above 1%. The reproducibility of our design has
been confirmed by comparing the performance of two fixed tuned devices. Output
powers resulting from optimised tuning were found to decrease strongly with increasing
frequency, dropping from about —10 dBm at 100 GHz to a level of —40 dBm at
625 GHz. The trend of the data indicates that the power depends approximately on
(frequency) -4. Although the mount is not optimised for frequencies in the 200 GHz to
300 GHz range, we believe that the —30 dBm of power detected is already sufficient for
the device to be used as a LO source for an SIS mixer.
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Introduction

During the past decade major advances have been made regarding low noise mixers for
terahertz heterodyne receivers. State of the art hot-electron-bolometer (HEB) mixers have
noise temperatures close to the quantum limit and require less than a microwatt power from
the local oscillator (L0). The technology is now at a point where the performance of a
practical receiver employing such mixer, rather than the figures of merit of the mixer itself,
is of major concern. We have incorporated a phonon-cooled NbN HEB mixer in a 2.5 THz
heterodyne receiver and investigated its performance. This yields important information for
future development of heterodyne receivers such as GREAT (German receiver for
astronomy at THz frequencies aboard SOFIA) [1] and TELIS (Terahertz limb sounder), a
balloon borne heterodyne receiver for atmospheric research [2]. Both are currently under
development at DLR.

Mixer Design

The BEB was manufactured from a superconducting NbN film with a nominal thickness of
3.5 nm. The film was deposited by de reactive magnetron sputtering on a 350 !AM thick Si
or MgO substrate [3]. The bolometer having a width of 2.4 JIM and a length of 0.2 tim was
located in the center of a planar feed antenna. Two types of feed antenna have been tested:
logarithmic-spiral and double-slot. The logarithmic-spiral antenna was designed to cover
the frequency range from about 0.5 THz to 6 THz, while the double-slot antenna was
optimized for 1.8 THz. Due to processing the transition temperature (9 K) of the bolometer
was lower than the transition temperature (10 K) of the film while the transition width and
the square resistance slightly increased. The substrate with the }MB was glued onto the flat
side of an extended hemispherical 12 mm diameter silicon lens with a Parylene
antireflection coating, which was optimized for 2.5 THz [4]. The lens with the HEB was
mounted in an Infrared Labs helium dewar with a wedged TPX pressure window and a cold
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(77 K) quartz filter. The intermediate frequency (IF) signal was guided out of the mixer via
the 50 c coplanar line. A circulator was used to feed the bias to the mixer and to transmit
the IF signal to a 2 K low noise HEMT amplifier. The IF signal was filtered at 1.5 GHz
with a bandwidth of 75 MHz, further amplified and rectified with a crystal detector.

Receiver Performance

Noise temperature and IF bandwidth

An optically pumped FIR ring laser [5] was used as a local oscillator. Signal radiation and
LO radiation were superimposed by a 6 lam thick Mylar beam splitter. The double sideband

Blackbody temperature, K

Figure 1 1V-curve of the mixer (1: Figure 2 Heterodyne signal as a
unpumped, 2: optimally pumped, 3 driven function of the black body temperature.
in the normal state) The lowest noise
temperature is achieved in the point A.

(DSB) noise temperature of the receiver was measured by the Y-factor method. Hot and
cold loads (Eccosorb) at 293 K and 77 K alternatively covered the receiver beam. Output
signals due to hot and cold loads were continuously readout by a computer, which
performed statistical analysis of the signal and computed the noise temperature. Fig. 1
shows typical current-voltage (1-V) characteristics of the mixer recorded at different LO
power. Minimal noise temperature is achieved in the vicinity of the operation point A.
Applying an isothermal technique we estimated 100 nW power absorbed by the HEB at
this optimal operation point. The best DSB noise temperature was about 2200 K at 2.5
THz frequency. We found that this figure does not noticeably decrease in the IF
frequency range up to 2 GHz. This finding correlates with the expected 6 GHz noise
temperature roll-off frequency for our HEB mixers [6].
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Dynamic range and conversion losses

In order to evaluate the dynamic range of the mixer we measured the heterodyne response
to black body radiation at 2.5 TIlz. We varied the black body temperature while keeping
its aperture fixed. The receiver response (Fig. 1) was linear up to the black body
temperature 1050 K. The beam-filling factor by the black body aperture was 10% M.

This suggests a maximum non-saturating background temperature of, e
=di 400 K at the

receiver input. Since the signal shows no signs of saturation even at the largest black
body temperature, we expect that the 3 dB compression would occur • at a load
temperature significantly larger than 400 K. The slope of the straight line in Fig. 2
corresponds to a conversion efficiency of —17 ± 1 dB. This figure includes optical
coupling losses, conversion efficiency of the mixer, and losses in the IF chain from the
mixer output to the input of the cold amplifier_ The optical losses at 2.5 THz are 4±0.5 dB
[3]. The IF losses were estimated comparing the noise signals originating from a 50 C2
resistor and the mixer driven into the normal state (point B in Fig. 1). This yields
4±0.5 dB IF losses (for details see Ref. 7). The remaining 9±1 dB loss are due to the
conversion efficiency of the mixer. This is in agreement with the conversion efficiency
calculated [7] in the framework of the uniform large signal model.

Beam pattern

The beam pattern of our hybrid antenna with a double-slot and a logarithmic-spiral feed
is shown in Fig. 3. Patterns were measured at a LO frequency of 1.6 THz and 2.5 THz by
moving a hot point like source in the far field of the receiver. The output heterodyne
signal was registered as a function of the position of source. The solid lines represent
Gaussian fit to the profile of the main lobe. At 1.6 THz a 3 dB beam width of 1.1' and
1.3' was found for the double-slot and logarithmic-spiral feed antenna, respectively. The
side lobes were at —10 dB and at —6 dB, indicating that at this frequency the double-slot
feed antenna is the better choice. However, this changes at higher frequencies where the
dimensions of the double-slot antenna become comparable to the size of the HEB and the
IF embedding circuitry. At 2.5 THz, we found higher side lobes and wider beam pattern
for the double-slot feed.

Noise stability

Instantaneous noise of the output signal sets the minimum contrast of the source (source
versus background) that can be distinguished by the receiver. If the output noise is
completely uncorrelated (i.e. white) the radiometer equation states that the noise drops
down as square root of the integration time. However, in practice the total noise of a
receiver is a combination of white noise, 1/f noise and low frequency drift noise. The
latter two do not integrate down. To choose the best observation strategy with particular
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Figure 3 1.6 THz (top row) and 2.5 THz (bottom row) gain pattern of hybrid antennas
with double-slot (left) and logarithmic-spiral (right) feed on the 12 mm lens.
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•

-16
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receiver, it is useful to consider the "Allan" variance, o, given by a-4 (02 = o(02/ 2, where
a-is the standard deviation of the signal [8] from the root mean square value. For a noise
spectrum that contains white noise, 1/f and drift noise the "Allan" variance takes the form
04(02 = atfi+ blt+ c, where a, b, c and p> 1 are constants showing relative contribution
of different noise types. They define an optimum integration time ("Allan" stability time),
which is the crossover from the lit behavior due to the white noise to a plateau or an
increase of GA caused by lif or drift noise, respectively. Fig. 4 displays the mean square
output noise (o) of our receiver as a function of integration time for two different bias
regimes. For an operation regime in the linear part of the I-V characteristic (regime 1) the
"Allan" time is 5 sec and the DSB noise temperature is 5500 K while in the nonlinear part
(regime 2) this time is only 0.1 sec although the DSB noise temperature is much lower
(1500 K). Indeed, the spectrum of the output noise in the regime 2 (Fig. 4, right panel)
shows excess low frequency noise that is a mixture of the lif noise and drift noise.
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Figure 4 "Allan" variance as a function of time (left panel) and spectrum of the output
receiver noise (right panel) for two different operation points (see inset).

Spectroscopy Test

As an overall receiver test we recorded a methanol emission line using a gas cell with
50 cm absorption length. The line was located in the upper sideband and was separated
by 1.6 alz from the 2.52278 THz methanol LO laser line. The gas was kept at ambient
temperature. Behind the cell a 77 K blackbody was placed. An acousto-optical

Figure 5 Methanol emission line measured at the gas pressure 0.49 mbar and 0.90 mbar

spectrometer was used as backend spectrometer. Fig. 5 shows spectra measured at two
different gas pressures. The vertical scale corresponds to single sideband noise
temperatures. The line was opaque in the center. Thus the signal should not be larger than
296 K. Larger experimental values may be due to the sideband ratio deviating from one
or due to misalignment. The smooth line is a Voigt fit with a linear background. The line
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full width at half maximum was 13 MHz at 0.49 mbar and 26 MHz at 0.90mbar that
corresponds to the expected line width deduced from pressure broadening measurements
at millimeter wavelengths.

Conclusion

We have demonstrated the practical usability of the terahettz heterodyne receiver with the
NbN HEB mixer performing spectroscopy of a methanol emission line. The dynamic
range of the receiver is large enough for applications in astronomy and atmospheric
research. Both the noise temperature and noise stability of the receiver are strongly
dependent of the operating point of the mixer. Thus, statistical analysis of the receiver
noise, not only the noise temperature, is required for full performance characterization.

This work was partly supported by the INTAS (grant 99-0569) and the German
Ministry of Science and Education (WTZ RUS-149-97).
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NOISE TEMPERATURE FOR Nb DHEB MIXER RECEIVER FOR
FAR-INFRARED SPECTROSCOPY

E. Gerecht, C. D. Reintsema, and E. N. Grossman

National Institute of Standards and Technology
Boulder, CO 80305

A. L. Betz and R. T. Boreiko

Center for Astrophysics & Space Astronomy, University of Colorado
Boulder, CO 80309

ABSTRACT We are reporting a noise temperature measured on a diffusion-cooled hot

electron bolometric (DHEB) mixer designed for a heterodyne focal plane array to study lines

with frequencies of 2 THz and above. Our fabrication process utilizes selective ion milling

techniques to produce Nb diffusion-cooled hot-electron bolometric mixers from a bilayer thin

film of Au/Nb deposited on a silicon substrate. A microbridge of Nb 12 nm thick forms the

HEB device. The devices are fabricated at the leads of a broad-band spiral antenna with a fre-

quency response of up to 16 THz. A far-infrared (FIR) laser was used as the local-oscillator

(LO) source at 2.52 THz (119 tim). A double-sideband (DSB) receiver noise temperature of

2500 1K. was measured. The IF frequency determined by the cold amplifier was centered at 1

GHz. This noise temperature result is not corrected for losses and mismatches and was per-

formed at a bath temperature of 2 K. The device has a critical temperature (Te) of 6 K and a 0.5

K transition width.

* Publication of the National Institute of Standards and Technology, not subject to copyright.

I. INTRODUCTION

Observations of spectral line have played a major role in expanding our understanding of

the interstellar medium and planetary atmospheres. Heterodyne spectroscopy is capable of

providing the required sensitivity and spectral resolution over the entire far-infrared spectral

region. However, future observations will require more sophisticated receivers with quantum

noise limited sensitivity and multiple mixer elements in the focal plane. Although small ar-

rays have been demonstrated in millimeter wave receivers, none have been developed for
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far-infrared receivers for the 1-5 THz band. An array as simple as 4 elements would provide a

significant enhancement in line mapping capabilities, especially on airborne telescope such as

SOFIA.

Until recently GaAs Schottky barrier diodes (SBD) were used almost exclusively for het-

erodyne receivers in the THz region. Below 1 THz, SIS (Superconductor/Insulator/Supercon-

ductor) mixer receivers have excellent noise temperature (only a few times the quantum noise

limit). The noise performance is limited to frequencies below or about equal to the supercon-

ducting bandgap frequency. Hot electron bolometric (HEB) mixers, which use nonlinear heat-

ing effects in superconductors near their transition temperature [1], have become an excellent

alternative for applications requiring low noise temperatures at frequencies from 1 THz to 5

THz. There are two types of superconducting HEB devices, the diffusion-cooled (DHEB) ver-

sion [2] [3] . and the phonon-cooled (PHEB) version [4]. The two versions differ mainly by the

cooling mechanism of the hot electrons. The devices under development here are DHEBs with

a projected local oscillator (LO) power requirement of less than 100 nW and bath temperature

of less than 2 K. The present state ofthe art of different Tllz receivers is compared in FIG. 1.
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II. DEVICE DESIGN AND FABRICATION

A quasi-optical coupling design was chosen [9] for our work. The focal plane array is of

the "fly-eye" configuration, with individual substrate lens for each of the 4 pixels. (Obvi-

ously, this configuration is suitable only for arrays of relatively small format.) The incoming

energy couples to the device through an elliptical lens 4 mm in diameter, made from high-pu-

rity silicon and no AR coating, and a spiral antenna with a maximum frequency response of 16

THz [10]. The spiral wrap angle is 20 degrees, with a nominal separation of the feedpoints of

1.2 1.tm. The spiral design is self-complementary, implying an antenna impedance of 75 O.

The array includes two antennas with 2 1/4 turns and two with 2 3/4 turns, which imply lower

frequency limits of 520 Gllz and 160 Gllz, respectively. These approximate frequency limits

are derived from the criterion that the antenna radius be equal to 1/4 of an effective wave-

length. The radius of the inner edge of the antenna is used for the upper frequency limit and the

outer edge for the lower frequency limit, with an additional quarter-turn left for engineering

margin. The IF signal is coupled out of the HEB thru a 50 C2i coplanar waveguide (CPW), the

center conductor of which contacts the center conductor of a microminiature K-type connec-

tor. The CPW groundpiane is common to all four array elements, and directly contacts the

body of the mixer block through an indium foil "gasket". The 4 element array configured with

lenses and spiral antennas is shown in FIG. 2.

FIG. 2. Array configuration; on the left, a conceptual rendering showing the chip with four
elements and substrate lenses, on the right, a photograph of the assembly.
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A typical device fabrication begins with the deposition of a uniform bilayer metallic film

across a silicon wafer that has been thermally oxidized to a thickness of300 nm. The bilayer is

composed of a 12 nm niobium base layer capped by 20 nm of gold (see FIG. 3). The films are

deposited in-situ using DC magnetron sputtering. The HEBs are ultimately formed in the base

Nb layer as the last step of the process. The gold cap layer is intended to protect the Nb during

initial fabrication steps as well as to mitigate contact-resistance problems between the device

and overlying metallic layers. Following the bilayer deposition, a gold layer 100 nm thick is

deposited through a photoresist liftoff mask patterned by use of conventional UV lithography.

This mask defines the log spiral antennas, ground plane, and the coplanar waveguide feed

structure to the four array elements. The gold is deposited using thermal evaporation follow-

ing a 1 minute Ar RF plasma cleaning step to treat the contact regions.

Since optical lithography is used for the antenna patterning, the lead separation at the feed

of the antenna remains much too large (-2 [tm) for the dimensions of useful HEB devices.

Therefore, a second contact metallization step, using E-beam lithography (EBL), to define the

length scale of the devices was performed. Again gold lift-off is used, but through an

EBL-pattemed PMMA mask in this case. Finally, 50 nm ofAu are deposited with an electrode

separation ofbetween 80 and 100 nm at the antenna feed. The deposition process is the same as

for the antenna layer.

The last few steps of the process have produced a structure, depicted in FIG.3(c), which

includes a complete antenna structure over a blanket Nb/Au bilayer. The 20 nm Au bilayer cap

is then removed in an Ar ion mill using the thick gold as a sacrificial mask. There is no addi-

tional patterning associated with this step. The 30 nm of the antenna and contact Au are sacri-

ficed to clear the bilayer surface gold from the underlying Nb in the open field areas. The ion

mill process has reasonable selectivity to Au as compared to Nb (>5:1).

At this point the device has a Nb layer underlying the entire structure as evident in FIG.

3(e). This Nb must be cleared everywhere except for the final device region. This is accom-

plished in a two-step reactive-ion etch (RIE) process. The first step uses optical lithography to

pattern a mask that protects a 61.tin X 6 m square region centered over each device. The chip

is then subjected to a SF 6 RIE process to clear the Nb in the exposed field regions (see

FIG.3(0). The chip is then patterned one last time using EBL to leave a narrow strip ofPMMA

bridging the gap between the Au contacts and protecting the final device area. The width of

this strip, nominally 10 to 20 nm, defines the final width of the HEB. There is a 101.tm x 101AM

window around this strip that fully encompasses the 61,tm x 61.tm Nb patch that was protected
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during the first RIE step. The chip then undergoes an identical SF 6 RIE step to remove the last

of the Nb. The designed final dimensions of a typical HEB are 80 nm length x 100 nm width x

12 rim thickness (see FIG.3(g)).

Following device fabrication, an elliptical Si lens is affixed to the backside of the sub-

strate.. The lens is positioned within a well etched into the backside of the substrate. The well

position is registered to within ±5 loim of the device by means of an infrared backside contact

aligner. This well is etched early in the process before device fabrication. The lens is affixed

using purified bee's wax.

FIG.3. Device fabrication schematic.
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III. OPTICAL LAYOUT

The apparatus for measuring noise temperatures is illustrated in FIG. 4. The mixer block

is attached to an OFHC Cu pedestal on the cooled plate of a dewar. The base temperature is

about 2 K, which is needed for Nb DHEB operation. The THz radiation enters the dewar

through a quartz window and a reststrahl filter designed to block radiation above about 6 THz.

The mixer is connected through a bias tee and a semi-rigid coaxial cable to a commercial

cooled HEMT IF amplifier (L band) with a noise temperature of about 5 K.

The local oscillator signal is produced by an optically-pumped far-infrared laser. The la-

ser is 1 m long and operates on most FIR laser lines between 30 and 3001.im. The polarization

of the linearly polarized Ell ii output mode can be rotated or converted to circular (if desired)

by a polarization diplexer. The FIR laser and its CO 2 pump source run sealed off, but can be re-

filled with gas of any isotopic composition. The output power of the free-running FIR laser is

stable to better than 1 % over a period of several minutes, but is normally actively stabilized to

better than 0.01 % long term by a closed-loop leveling circuit. FIG. 4 shows the GaAs

Schottky diode sensor used for power control. An error signal generated from the difference

between the diode's output and a reference voltage is used to control the CO 2 pump laser fre-

quency, and hence the FIR laser's output power.

FIG. 4. Measurement setup for noise temperature.
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Iv. RESULTS AND DISCUSSION

Several DHEB devices were fabricated using the method described above. FIG.5(a)

shows an SEM image of the device including the spiral antenna, whereas FIG. 5(b) shows an

AFM image of the microbolometer at the antenna feeds. The gold banks of the antenna were

aligned sufficiently well to accommodate the small microbolometer (— 80 nm x 100 nm).
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The I-V characteristics of the device are shown in FIG. 6. The critical current is about 2.7

mA at a bath temperature of 2 K. The LO power centered at 2.52 THz (119 pm) was coupled to

the device through a 6 pm beam splitter as illustrated in FIG. 4. The IF power was amplified by

a cooled HEMT amplifier with 30 dB gain, a noise temperature of 5 K, and centered at 1 GHz.

A room-temperature IF amplifier with a gain of 60 dB was used for additional amplification.

Y-factor measurements between black body sources at room temperature and at N2 (77K)

were taken and Y-factors as high as 0.4 dB were observed. A reproducible double sideband re-

ceiver noise temperature of 2500 K was measured at the optimum bias point of 6861AV and

8121..A. This noise-temperature result was not corrected for losses and mismatches and there-

fore can be improved by better power coupling and IF matching circuitry. The power ab-

sorbed by the device was calculated from the constant resistance line (points (I) and (H) on

FIG. 6), along which the hot electrons' temperature is constant, to be 4.9 tW. The total laser

power of about 2.5 mW before the focusing lens and the beam splitter was not sufficient to

pump the device optimally when a beam splitter with 8 % reflectivity was used. The total

power coupling efficiency is estimated to be about 13 dB (— 1001.1W in front of the dewar)

The device was therefore LO starved, which implies that a better DSB receiver noise tempera-

ture was possible with more LO power. The need for high LO power is consistent with the rela-

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Voltage

FIG. 6. I-V characteristics of the DHEB device.
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tively high critical current. A microbolometer with a cross-sectional area of 100 nm x 12 nm

cannot support such a high critical current. We attribute the high critical current to the larger 6

im x 6 pm square area of Nb around the bridge that was not etched away entirely. Future ef-

forts will correct this deficiency.
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TANTALUM HOT-ELECTRON BOLOMETERS FOR
LOW-NOISE HETERODYNE RECEIVERS

Anders Skalare, William McGrath, Bruce Bumble, Henry G. LeDuc
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA

ABSTRACT

We describe superconducting diffusion-cooled hot-electron bolometers that were fabricated from
tantalum films grown on a thin niobium seed layer. The seed layer promotes single-phase growth of the Ta
films, resulting in high-quality bolometers with transition temperatures up to 2.35 K and transition widths
of less than 0.2 K. An S-parameter measurement set-up in a He -3 cryostat was used to measure device
impedance versus frequency of a 400 rim long device at a temperature of 400 mK. It is shown that a 3 dB
roll off frequency of about 1 GlIz can be achieved when the device resistance matches the impedance of
the embedding network (no electrothermal feedback). This would lead to a prediction of 16 GHz for a
100 nm device, and indicates that a heterodyne mixer using a Ta HEB should be able to operate at several
GlIz even with a significant amount of electrothennal feedback.

INTRODUCTION

Superconducting hot-electron bolometer (HEB) mixers that are currently under development for
observational platforms such as Herschel and SOFIA use either diffusion-cooled niobium devices with
transition temperatures (Tc) of 5 to 7 K, or phonon-cooled niobium nitride devices with even higher Tc (an
overview can be found in the references). Since theory predicts that the mixer input noise should be
proportional to Tc when an HEB mixer is limited by thermal fluctuation noise 2 , it is of interest to study
materials with lower-temperature transitions. A noise reduction of a factor of two can in some applications
lead to a fourfold increase in data gathering capacity. The local oscillator (LO) power requirement is
proportional to Tc2 , and can therefore also be reduced, which is advantageous at frequencies above 1 THz
where solid-state sources are at present too weak for many applications. These advantages naturally have to
be weighed against potential system disadvantages of the lower Tc, such as the increased complexity of
cryogenic coolers and potential saturation effects in the mixer element itself. Only a few lower Tc mixers
have been studied previously, such as niobium devices where the transition temperature has been
suppressed by an external magnetic field 3 , or by the proximity effect from thin gold coatings 3 '4 . The
predicted dependencies of noise temperature and LO power on transition temperature have been confirmed
at microwave frequencies 3 . Aluminum-based bolometers (Tc < 2K) have also been investigated 5 '6 , but
found to be unsuitable for THz mixers for a variety of reasons.

A superconductive material with a naturally lower Tc offers practical advantages compared to the use
of magnetic fields and bi-layers. Here we investigate the usefulness of tantalum (TO for low-noise
diffusion-cooled HEB mixers. Ta has superconducting properties that are similar to those of Nb, except for
the Tc which is about a factor of 2 lower (for thin films: Tc  3K for Ta, versus 6-7K for Nb). Thus Ta
should be a predictable material with the desired properties. Tantalum does however add some fabrication
challenges, since it forms thin films that contain two lattice phases. This would be unacceptable for a
practical device, since the additional electron scattering at the grain boundaries would tend to suppress the
diffusion-cooling mechanism, and also because the different transition temperatures of the two phases leads
to a broadening of the transition. The ultimate goals of this study can therefore be defined as:

Contact information for A. Skalare: anders.skalare ri),131.nctsa.gov, Ph +1-818-354-9383
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1) To demonstrate that high quality devices can be fabricated, with Tc between 2 and 3 K and transition
widths (aTc) similar to niobium devices (0.1 to 0.2 K).
2) To verify that the diffusion cooling mechanism is sufficient to produce intermediate frequency (IF)
bandwidths that are useful in a typical receiver application (at least a few GHz).
3) To demonstrate that the mixer noise can be lower than for higher-Tc materials.
In this paper we will address the first two of these points, by describing the DC and microwave properties
of our fabricated devices,

DEVICES

Based on previous experience, HEB devices with resistance values between about 200 to 100 0 can
be easily matched to microwave coupling structures, and provide the best mixer performance. For Ta, this
can be achieved with microbridge lengths of 100-400 nrn, widths of 100-200 nm and a film thickness of
10 nm. Our devices were fabricated on a silicon wafer by sputter deposition of a 10 nm Ta film on top of a
1.5 nm Nb seed layer. The purpose of the seed layer is to promote growth of the desired tantalum alpha-
phase, giving higher superconducting transition temperatures and sharper transitions 7 . Thick gold pads
serve to define the length of the microbridge and to prevent Andreev reflections from trapping heat in the
device. We have utilized a modified version of our self aligned processing method previously developed
for Nb BEB devices 8 and found that it works 80
well for Ta. The main modification is the use of
SiO instead of Au as an etch mask, which
improves the device definition and eliminates 0
the need to remove the mask from the finished

6

device.
The devices have transition temperatures of

up to 2.35 K, a typical resistance-versus- -SI i 0_
temperature (R vs. T) curve is shown Fig 1.
This device is 0.4 microns long and 0.2 microns
wide, with a normal state resistance of about 20
80 and a transition at 2.25 K. The R vs. T
curve has a "foot" structure that is associated
with the regions at the two ends of the device,
similar to that seen in niobium bolometers. The 0
curve clearly shows that the transition width of Figure 1: R vs. T curve for he
this device is similar to that of a niobium
device, so that bolometric mixers with similar
properties should be feasible.

IMPEDANCE MEASUREMENTS

To determine the thermal response time of tantalum HEB s, a He-3 cryostat was fitted with electronics
for conducting microwave reflection measurements of the device, see Fig. 2. The set-up allows
measurements at frequencies between about 200 MHz and 15 G-Hz, at temperatures down to 380 mK. This
allows a more direct measurement of the device speed than for example a mixer bandwidth measurement,
which is affected by input and output coupling variations with frequency. In the low-frequency limit the
bolometer should have the same properties as at DC, and the device impedance should be equal to the
differential resistance dV/dI at the bias point. At frequencies that significantly exceed the response roll-off
frequency (but that are lower than the gap frequency of the superconductor) the device impedance should
be the DC resistance V/I. A cross-over between these cases occurs near the roll-off frequency that is set by
the thermal time constant at the DC bias point. An expression for the impedance as a function of frequency
can be derived from a simplified lumped thermal model, where the device is represented by the electronic
heat capacitance c e that is heat sunk to the thermal reservoir by a heat conductance G

2
0 nm long device

that was used in the microwave measurements.
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1+C+ p2R-fro 
Z(f)=R,

—C+ j•Infr,

where Ro is the resistance at the DC bias point, To = ce/G
is the thermal relaxation time of the device (excluding
electrothermal feedback), and C = (dRI (21T)IG is
the self-heating parameter at DC bias current

The device impedance as a function of frequency
was measured for the three DC bias points that are
marked on the IV curve in Figure 3. In order to estimate
the device speed, equation 1 can be fitted to the data by
adjusting To and C. The resulting thermal speed

= 1/(2;rr0 ) for the three points are 750 MHz,
1.13 GHz and 2.0 GHz. A possible reason that these
numbers are not identical to each other is that the
"lumped element" thermal model used is too simplistic
to accurately describe this relatively wide thermal bias
range of this distributed temperature device. In addition
to the measured curves, Figure 4 also shows the fitted
curve for point B. Since bias points A and B best
represent the device under realistic operating conditions
as a mixer, a reasonable estimate of the speed for this
400 mu long device would be about 1 GHz.

CONCLUSIONS

Submicron-sized tantalum HEB devices with
the desired transition temperatures and transition
sharpness can indeed be fabricated using the niobium
seed-layer technique. The sheet resistance is low enough
to make devices that can be matched to antennas and
other microwave coupling structures. The measured
400 nm long device can be expected to have a 3 dB
mixer conversion efficiency roll-off at about 1 GHz, excluding electrothermal feedback. Due to the
relatively small end effects (the -foot"
structure in the R vs. T curve), it should be
possible to use devices that are as least as
short as 100 nm. Since the thermal relaxation
time is proportional to the square of the
device length 9 ' 1° (diffusion-cooling), these 10

would then have a "raw" speed of about
16 GHz. Since only a few GHz of bandwidth 0
is needed for most mixer applications, this
would indicate that Ta HEB devices will be -10
fast enough even when including the slowing
effects of electrothermal feed-back present in
most bolometer mixer circuits.
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Figure 4: Measured impedances RA, ZB, ZO curves
for the three bias points in Figure 3. Also shown is a
fitted theoretical curve for bias point B (dotted).
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Improved Equivalent Circuit for Hot
Electron Bolorneter Mixers Fed by Twin

Slots
Paolo Focardi, Andrea Neto, Waal R. McGrath, Bruce Bumble, Henry G. LeDuc

Abstract- Series-fed coplanar waveguide embed-
ding circuits are recently being developed for tera-
hertz mixers using, in particular, superconducting
devices as sensors. Although these mixers show
promising performance, they usually also show a
considerable downward shift in the resonating fre-
quency, when compared with calculations using
simplified models. This effect is basically caused
by parasitics due to the extremely small details
(in terms of wavelength) of the device and by the
impedance of the remaining embedding circuit (in
particular the RF filter). In this paper, we present
an improved equivalent network model of such de-
vices which agrees with measured results. We
first propose a method to calculate the character-
istic impedance and the propagation constant of
the coplanar waveguide, etched between two semi-
infinite media, that connect the receiving slot an-
tennas to the superconducting device. In the for-
mulation we take into account, for the first time,
the radiation power leakage. We then describe the
procedure to calculate the reactances due to the de-
tailed geometry of the mixer device and circuit and
we correct the input impedance, calculated with a
commonly used simplified network. By comparing
our results with a complete set of measured data,
for seven mixers in the range between 500 GHz
and 3 THz, we analyze the features of our model
and propose further improvements. Indeed, based
on the good results obtained with our improved
equivalent network, a new set of THz mixers has
been fabricated and is currently being tested. Use-
ful guidelines for designing THz mixer circuits are
also given.

I. INTRODUCTION

S
LOT antennas coupled to coplanar wave-
guides (CPW) are being developed for

quasi-optical single-pixel heterodyne detectors
for use in atmospheric and astronomical in-
struments in the submillimeter-wave/terahertz-
frequency  range. Hot Electron Bolometer (HEB)

P. Focardi, W. R. McGrath, B. Bumble and H.G. LeDuc
are with the Jet Propulsion Laboratory, California Insti-
tute of Technology, 4800 Oak Grove Dr., Pasadena, 91109
CA.

A. Neto is with FEL-TNO, Den Haag, The Netherlands.

mixers ([1], [2]), for example, are often used at
THz frequencies in such circuits placed at the fo-
cus of a dielectric lens ([3], [4]). HEB receivers are
already finding use up to 1 THz on ground-based
radiotelescopes [5], and similar receivers are be-
ing developed for frequencies up to 2 THz for the
ESA/NASA Herschel Space Observatory, and up
to 3 THz for NASA's SOFIA aircraft observatory.

Fig. 1. Scanning Electron Microscope (SEM) photograph
of an HEB mixer embedding circuit. The superconducting
device is located at the center and coupled to the twin-slot
antenna via CPW lines.

The prediction of the radiation pattern (up to
500 GHz) and of the resonating frequency (up
to 100 GHz) for these mixer circuits has been
found to be accurate, with respect to measure-
ments, using a simplified network [6]. However,
when the device is operated well into the THz
regime (up to 2.5 THz), the measured resonant
frequency (i.e. frequency of the peak response
of the detector) is often significantly lower than
that calculated with simple models ([4 [7]). This
leads to significant increases (up to a factor 2) in
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mixer noise due to the reduction in coupled sig-
nal power at the desired THz frequency. Thus,
as previously reported [7], the accurate charac-
terization of the entire mixer embedding circuit,
including the parasitics associated with the geom-
etry of the device, is needed to correctly design the
circuit. Even though the geometry of these anten-
nas, CPW lines, and devices is relatively simple,
accurately simulating their performance in a THz
circuit is not a straightforward matter. To the
knowledge of the authors there are no commercial
software tools to tackle this problem, even more
so when the lens effect also has to be included
[6]. A brute force approach based on a Method
of Moments (MoM) analysis of the overall planar
structure can be used, but since the device dimen-
sions can be of the order of A 0 /1000, the numerical
effort required for an accurate analysis becomes al-
most prohibitive, even for a single antenna. In [8]
a dedicated MoM scheme for this kind of structure
has been presented.

In this paper an equivalent network is presented
that significantly improves the one presented in
[6], though the lens effect is not included in or-
der to concentrate the attention to the feed mech-
anism. The model is improved in the sense that
the radiation leakage is accounted for in the calcu-
lation of the transmission line parameters. Addi-
tionally, the transition between the CP W and the
bolometer is characterized via analytically evalu-
ated lumped reactances. The emphasis is given
to the physical interpretation rather than to the
numerical solution (as in [8]), since this is what
will be useful in future designs. A complete and
detailed formulation of the improved equivalent,
network parameters has been presented in a re-
cent publication [9]. In this paper we describe the
procedure for calculating the above parameters,
without getting into the mathematical details. In
section II we first briefly describe the geometry of
the detectors and circuits. Then, in section III,
the formulation to calculate the parameters of the
equivalent network is described. Before this work,
the quasi-static approximations for these param-
eters were too inaccurate to correctly predict the
actual performance of the circuits under investi-
gation. The work in [10] accounts for a complex
propagation constant in coplanar lines. However
in [10] the attenuation was associated to losses in
the conductor and in the dielectric rather than to

the radiation effect which appears to be dominant
in the case investigated in this paper.

A recent investigation [11] presents a direct inte-
gration method for the Green's Function (GE) of a
inicrostrip. In [12] the method has been applied to
slots etched between two semi-infinite dielectrics
and provides, analytically in that case, the GF of
a gap-excited slot placed between two different ho-
mogeneous dielectrics. In [9] the procedure is ex-
tended to coplanar waveguides in order to derive
the circuit parameters mentioned above. Then we
present a procedure that characterizes the strong
reactive contributions associated with the tran-
sition between the bolometer and the coplanar
wa,veguide. The lumped reactances we obtain are
connected to the equivalent network that repre-
sents the overall antenna+detector circuit. This
circuit is composed of the CPW equivalent trans-
mission lines and of the active impedance of the
slots; that is, the impedance of each of the two
slots with the mutual coupling taken into account.
In section IV, comparisons with measurements of
submillimeter wave bolometric receivers show that
the observed downward shift of the resonant fre-
quency can be explained by the following: I) the
reactances associated with both the "crowding" of
the RF current and the fringing fields in the tran-
sition between the bolometer and the CPW (see
fig. 2), and II) the phase shift caused by the imag-
inary part of the impedance of the RI ,' bandstop
filter used in the DC/IF line. In section V, some
guidelines for future designs are provided and a,
new set of THz HEB mixers, that has been fabri-
cated and is currently being tested, is presented.
Finally, in section VI conclusions are drawn.

II. RECEIVER LAYOUT

The mixer circuit is located at the second fo-
cus on the back side of a silicon elliptical lens.
Since the reflections due to the dielectric lens can
be introduced separately, as discussed in [6], we
assume the circuit under investigation to be lo-
cated at the interface between two semi-infinite
half spaces (eri = 1 and €,.2 =--- 11.4 The spectral
response and hence the center frequency of HEB
mixers with six different twin-slot antenna designs
have been previously measured with a Fourier-
Transform Spectrometer [7]. The antenna slot
lengths ranged from 26 pm up to 152 pm. Figure 1
shows a SEM photograph of a 2.5 THz HEB mixer.
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The submicron-sized HEI3 device is connected to
the twin slot-antennas via a CPW transmission
line [1]. On the right, is located the RF band
stop filter structure (a total of eight high and low
impedance sections were used). Figure 2 shows a
detail of the transition between the CPW and the
bolometer. The length of the transition region L
and the width of the bolometer wb are highlighted
in the figure. The modeling of this structure could
be performed with a full wave Method of Moment
analysis as described in [8]. However in this paper
we present an equivalent network model for the
overall mixer embedding circuit. The first sim-
plified equivalent network is shown in fig. 1

Fig. 2. Bolometer detail of a 2.5 THz design with a
schematic representation of the electric field (dashed line)
and of the RF current path (solid line).

sa

vs

Fig. 3. Simplified equivalent network of the THz mixer
circuit which includes the active slot impedance and the
equivalent transmission lines.

The active slot impedances Zsa are obtained by
means of MoM simulations restricted to the re-
ceiving slots alone, while Rboi , Z0 and Vs repre-
sent respectively the nominal DC impedance of

the bolometer, the characteristic impedance of the
CPW and the equivalent voltage source of the re-
ceiving antenna.

In the next section the transmission line pa-
rameters are presented, taking into account for
the first time the power leakage in the two di-
electrics. With the simplified equivalent network
of fig. 3 we may then estimate the equivalent se-
ries load 2, 72 seen by the bolometer. However, 2,7,
must be modified to account for the reactances
due the field deformations shown in fig. 2, which
are associated with the CPW-to-bolometer tran-
sition. Analytical expressions for these reactances
are available in {9]. Finally, as discussed in sec-
tion IV, the effects of the RF filter must also be
included to completely characterize Zin.

III. EQUIVALENT NETWORK PARAMETERS

The parameters of the CPW transmission line
have been obtained using the formalism that has
been presented in [12] for the case of a single slot
etched in a perfect electric conductor between two
semi-infinite dielectrics. In [9] the same formula-
tion is extended to the case of an infinitely ex-
tended CPW whose geometry is shown in the inset
of fig. 4.

A. Propagation Constant

The quasi-static approximation of the propaga-
k2+ki tion constant is = [13], where ki

Veri = 1,2), is the wavenumber in each semi-
infinite dielectric (air and silicon) and ko is the
free space wavenumber. Accordingly, the prop-
agating mode is fast for the denser medium (i.e.
silicon) and the mode is leaky. The unknown mag-
netic currents on the CPW are obtained from the
direct solution of the pertinent Continuity of Mag-
netic Field Integral Equation (CMFIE) assuming,
as in {14 the separability between transverse and
longitudinal space functional dependence. In par-
ticular, the transverse electric field is assumed to
be well represented by a unique edge singular func-
tion defined on each of the two slots composing the
CPW. The procedure for finding the space domain
magnetic current consists of: I) expanding via a,
Fourier Transform the transverse impressed mag-
netic field in spectral superposition of electric cur-
rents progressively phased by kx ; II) finding in an-
alytical form, for each kx , the 2D Green's Function
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Fig. 4. Real and imaginary part of the propagation con-
stant for a CPW with a = 2inn and w = 0.5,am. Both
graphs are normalized to the free space wavenumber. The
real part also shows a comparison with the value of 3
(dashed line), obtained with the quasi static approxima-
tion.

(GF) by imposing the continuity of the magnetic
field at the slot axis; and III) integrating in ks all
the 2D GF. Equating to zero the denominator of
the spectral expression for the magnetic currents,
a dispersion equation is obtained that, solved nu-
merically, defines the propagation constant of the
leaky mode supported by the structure.

In fig. 4 an example of the propagation constant
is shown for a CPW with a = 2pm and w = 0.5,urn
(these are typical values for a THz circuit) as
sketched in the inset. Both graphs are normalized
to the free space wavenumber. In the upper graph,
the real part of kx, is shown, compared with the
value of 3 (dashed line), obtained with the quasi
static approximation. As the frequency increases
the value of Re[k] tends asymptotically to the

value of the propagation constant in the denser
medium (silicon). In the lower graph the attenu-
ation constant (Im[kx,]) is seen to change signifi-
cantly over the frequency range of 1 THz. Despite
the amplitude of the real part (in the frequency
range under investigation) being only slightly dif-
ferent from the value of the quasi static approxi-
mation, the important point is that now we have a,
frequency dependent function, and even more im-
portant is the fact that now we have an imaginary
part that takes into account the power leakage.
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Fig. 5. Real and imaginary part of the CPVV character-
istic impedance for three different CPW geometries. Also
shown in the upper graph, for the real part, is a compari-
son between the formulation of this paper (solid line) and
the quasi static approximation (dashed line).

B. Characteristic Admittance

The definition of the characteristic admittance
for a leaky line is a "hot topic" and has been
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the subject of recent investigations; particularly
promising is the one in reference [14]. In [9] we
define the characteristic admittance at a specific
transverse section as the ratio between current and
voltage of the leaky wave launched by a source at
finite distance. This avoids some of the ambigui-
ties that arise with a leaky transmission line when
the source is assumed to be at infinite distance.
Indeed, since the propagating mode is exponen-
tially attenuated in x, for x tending to infinity the
major field contribution on the slot axis are due
to fringe currents (that decay asl/x2 ) rather than
to the mode itself [12].

In fig. 5 the characteristic impedance of three
different CPW's is shown, along with the values
obtained with the quasi static approximation for-
mulated in [13]. Our formulation provides not
only the imaginary part but also it can be seen
that the quasi-static formula underestimates the
real part of Z0 when the width of the CPW slots
grows with respect to the inner conductor a. In
particular, this aspect significantly impacts the
simulation results when introducing a transmis-
sion line model of the band stop filtering struc-
ture.

C. Reactances

The equivalent network in fig. 3 alone provides
Zin which does not account for the electric and
magnetic current crowding effects occurring in the
transition between the bolometer and the CPW.
Since the bolometer width is much narrower with
respect to the CPW inner conductor, strong reac-
tive energy is concentrated at this transition (see
fig. 2). Our analysis accounts for the effect of the
transition by correcting Zin via the introduction
of two lumped reactances related to the lengths
and widths involved in the transition. These two
reactances are combined to represent a realistic
model of the transition. In this way we can then
calculate Zin which is the actual embedding cir-
cuit series impedance seen by the bolometer.

With reference to fig. 6, the effect on the input
impedance of the electric current crowding associ-
ated with an inner conductor reduction (t 1 t2)
can be represented as a series inductive impedance
Zs . An infinite slot, whose width is equal to L, is
the canonical problem that best fits the geometry
in fig. 6. The growth of inductive energy asso-
ciated with the reduction of the inner conductor

Fig. 6. Electric current crowding effect with the relevant
dimensions indicated. In the upper part of the figure the
electric current is sketched. In the lower part the connec-
tion of Zs to the equivalent circuit is represented.

from t i to t2 is assumed to be the same as that
occurring in the selected canonical problem when
the dimension of the source region is reduced ac-
cordingly. The complete formulation to derive Z,
is presented in [15] and applied in [9] to the case of
a CPW. The series impedance Z, grows linearly
with the length L of the transition and it is also
proportional to 102 ) as t2 tends to zero.

Fig. 7. Magnetic current crowding effect with the relevant
dimensions indicated. In the upper part of the figure the
magnetic current is sketched. In the lower part the connec-
tion of zp = 1/Y2 to the equivalent circuit is represented.

With reference to fig. 7, the effect on the input
impedance of the magnetic current crowding as-
sociated with a gap length shortening (.1, 1 L2)
can be represented as a parallel capacitive admit-
tance Yp . An infinite dipole printed between two
semi-infinite dielectrics, whose width is equal to t,
is the canonical problem that best fits the geom-
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etry in fig. 7. The growth of capacitive energy
in the fringing fields associated with a reduction
of the gap from L i to L2 is assumed to be the
same as that occurring in this selected canonical
problem when the dimension of the source region
is reduced accordingly. Yp is derived in reference
[16], and explicitly formulated in [9] for the case
of a CPW. The parallel admittance Yp grows lin-
early with the width t of the transition. Again, it
is proportional to ln(L 2 ) as L2 tends to zero.

In order to account for a more general transi-
tion we can combine the previous reactances in
a staircase form, resulting in an equivalent net-
work as shown in fig. 8. Note that all the pa-
rameters of the network are calculated with closed
form expressions, provided that the largest dimen-
sions of the transition are approximately less than
Aeff /20, where Aeff = 270 and ,3 is the quasi
static approximation of the propagation constant.

and in fig. 10 the relevant geometric parameters
are indicated. Figure 11 shows the resonance

Mixer L.
(1.1m)

W.
(1-tm)

S.
(lim)

a
(gm)

b
(Pm)

Rbol

T = 4°1(
ve Measured

(THz)
1 26 3 19 3 4 15 2.22
2 33 3 19 3 4 18 2.19
3 36.5 2 19 2 3 18 2.02
4 36.5 2 19 2 3 25 2.01
5 44 4 25 4.5 6 46 1.60
6 48 2.6 25 3 4.4 25 1.71
7 152 8.3 79.2 8 11 32 0.54

Fig. 9. Parameters of the different mixer circuits under
investigation. Rboi is the HEB device DC resistance. Refer
to fig. 10 for the meaning of the others parameters.

Fig. 8. Example of transition adopted to simulate the
actual circuit geometry and of the equivalent network ob-
tained resorting to a "staircase" shaped transition. The
layout shown here is representative of the tapered transi-
tion region of Mixer No. 1. Each unit represents 0.1 pm.

Iv. NUMERICAL RESULTS

The parameters of the twin-slot mixers which
have been measured and analyzed are shown in fig.
9, along with the bolometer device DC resistance,

frequency for the mixers under investigation. The
measured results (dashed line with "prism" sym-
bols) are compared with calculated curves that
are obtained by using either the simplified net-
work as it is ("plus" symbols) or corrected via the
reactive current crowding contributions ("square"
symbols). These latter are obtained assuming the
flared transition between the bolometer and the
inner conductor of the CPW such as in fig. 8,
taking into account the actual dimensions of the
mixer embedding circuits observed with the Scan-
ning Electron Microscope. While the series induc-
tance of fig. 6 tends to decrease the resonating
frequency of the mixer, the parallel capacitance of
fig. 7 tends instead to increase it. However, the
overall effect, as shown in fig. 11 ("square" sym-
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Resonating Frequencies Input Impedance

2 3 4 5 6 7 2 2.2 2.4 2.6 2.8 3

Mixer Number Frequency [THz]

Fig. 11. Summary of measured and calculated resonating Fig. 12. Input impedance of mixer No. 1 calculated includ-
frequencies for the seven mixers under analysis. ing: 1) simplified network, 2) simplified network bolome-

ter transition, 3) simplified network + bolometer transition
RF filter.

bols), is that the resonating frequency decreases,
with respect to the simplified model. This means
that the inductive part of the reactance we intro-
duced tends to prevail.

The resonating frequency is even more strongly
affected by the presence of the RF band-stop fil-
ter (see Section II). This latter has been modeled.
by simple transmission line theory where the rel-
evant parameters are evaluated as in Sections III
A and III B. Also shown in fig. 11 are the re-
sults ("x" symbols) obtained when the impact of
the RF filter is included. It is apparent that the
agreement between prediction and measurements
is outstanding, except for the case of mixer No. 6.
These results give strong support to our improved
equivalent network, considering the extreme chal-
lenges associated with fabrication and measure-
ment at 2.5 THz and the fact that the model-
ing of the filter does not account for the "step"
transitions between the high and low impedance
sections. However these latter can be consid-
ered higher order effects easily comparable with
other phenomena that are not accounted for in the
present analysis (i.e. internal reflections inside the
lens, gluing of the silicon lens to the chip, fabrica-
tion tolerances, variation of metal thickness etc.).
It is moreover clear from fig. 13, discussed in the
following, that selecting the resonant frequency
from the measured peak of the Fourier Transform
Spectrometer (FTS) data is not a straightforward
matter.

It is useful to refer to the percentage resonat-
ing frequency shift as the difference between the
predicted and the measured frequency. We may
highlight this shift by observing fig. 12 where a
detail of the input impedance of mixer No. 1 is
shown. Arrows indicate the resonating frequen-
cies, for measured and predicted results, that oc7
cur when the imaginary parts of the impedance
cross zero. Improving the simplified network with
only the effect of the bolometer-CPW transition
decreases the shift from 29% to 22%. By further
introducing the effect of the filter, the resonant
frequency shift decreases to 1%.

In the past the observed shift has been at-
tributed to unknown lumped reactive effects as-
sociated to the superconducting bolometer itself
(i.e. thermal gradients and skin effects). The
present analysis attributes the dominant part of
the observed shift to the embedding circuit mod-
eled in this paper. From fig. 12 one can also
outline the significant impact of the filter on the
real part of the input impedance and the narrow-
ing of the bandwidth due to the several high and
low impedance sections used in the filter.

In fig. 13 the FTS direct detection responses
of mixer No. 1, 3 and 5 are presented. For the
same set of mixers, fig. 14 shows the predicted
coupling efficiency, between input and bolorneter
impedance. These latter are obtained resorting
to the following well known impedance-mismatch
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expression:

= 1
1401 Z  

2

Rbot Zin
(1)

where R50 1 is the resistance of the bolometer and
Zin is the series impedance seen by the device in
the equivalent circuit. The measured bandwidths
appear larger than the calculated ones. This is
basically due to the normalization adopted in the
FTS curves: these are normalized to the maxi-
mum of the peak response while those in fig. 14
reflect the calculated mismatch between bolome-
ter and input impedance. The ripples in the mea-
sured curve are due to several effects related to the
quasi optical FTS measurement system, in partic-
ular the lens internal reflections [6] and the thick-
ness of the glue layer holding the chip to the lens.

1.00

Si. 0.75

$2
0 0.5

O
ED_
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0.000_s 1.0 1.5 2.0 2.5
Frequency [THz}

Fig. 13. Measured FTS direct detection responses for
mixer No. 1, 3 and 5.

V. DESIGN CONSIDERATIONS

Based on the previous results some guidelines
for future design of CPW based twin slot bolo-
metric mixers are now given.

In the past ([4], [6]), the main constraint in the
design of such a mixer has been the overall beam
pattern of the antennas+lens system, the empha-
sis being given to a gaussian shaped beam and
consequently, good radiation efficiency. This goal
was achieved operating the twin slot antenna at
its second resonance. In this way a low real part
of the input impedance for each slot was obtained

Efficiency

Frequency [THz]

Fig. 14. Calculated coupling efficiency curves for mixers
No. 1, 3 and 5.

and a good match to the characteristic impedance
of the CPW could be achieved (each one in the
order of 40 Ohms). More problematic instead was
the matching between the bolometer impedance
(typically low to obtain a fast response from the
device) and the equivalent load represented by
the CPW and slot antennas on each side of the
bolometer. Moreover, the non zero reactance, pro-
vided by the RF filter, could significantly affect
the impedance of the equivalent load of the slot
connected to the filter itself. This latter effect
and the CPW-bolometer transition play a domi-
nant role in explaining the downward shift of the
resonating frequency shown by the mixers under
investigation.

As a result of the present investigation it seems
more convenient to operate the slot antennas on
their first resonance (half instead of a full wave-
length long slots). Indeed, even though the over-
all radiation pattern could be slightly affected and
different from the theoretical optimum, the input
impedance of the radiating slots turns out to be
higher (about 140 Ohms for the real part of mixer
No. 1 at 2.5 THz). In this way the slot input
impedance is more stable and the impact of the
imaginary part of the filtering structure is less sig-
nificant because it is in series to a high impedance.

To further motivate this choice it is worth men-
tioning that the previous studies on the beam ef-
ficiency [4] were based on Physical Optics (PO)
calculations of the radiation patterns. There are
presently on-going studies that include more so-

3.0 3.5
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Fig. 15. Calculated matching efficiency between the
bolometer resistance and the equivalent input impedance
seen by the bolometer itself: new tapered designs.

Fig. 16. Calculated matching efficiency between the
bolometer resistance and the equivalent input impedance
seen by the bolometer itself: new non-tapered designs.

phisticated diffraction mechanisms [17]. These
latter could affect the calculation of the optimum
beam efficiency for these kind of lenses. Addi-
tionally, when the slot antennas are operated on
their first resonance, the slot impedance presented
to the bolometer via a Aeff /4 long CPW trans-
mission line is much lower and typically about 20
Ohms. This way a good match of the real part
of this impedance with that of the bolometer is
straightforward, which results in a nearly opti-
mum efficiency. It is true that in this configuration
the impact of the lumped reactances associated

with the CPW-bolometer transition are more rel-
evant. However, observing the analytical expres-
sions of the impedances presented in Section III C
and explicitly formulated in [9], it is clear that the
effect of this transition is much more negligible if
the length of the transition L is reduced to the
minimal realizable dimension without resorting to
the flared transition of fig. 2.

Based on the previous considerations and on the
good results obtained, a new set of THz mixers
has been fabricated and is currently being tested.
Different designs at four center frequencies have
been carried out; in particular we aimed to have
the center frequency at: 0.6, 1.6, 1.8 and 2.5 THz.
The bolometer has been fabricated in Niobium
and the microbridge is always 0.1 pan wide, while
the length has been chosen to be either 0.1 or 0.2,
pm. Moreover, with this new set of mixers we de-
signed two different transitions between the CPW
inner conductor and the bolometer: a tapered one,
like in the previous measured devices, and a new
non-tapered one. The choice of a non-tapered
transition has been suggested by the formulation
presented in [9] and is expected to give a much
more negligible lumped reactance in the equiva-
lent circuit and therefore a smaller down shift in
the resonating frequency. Finally, also the filter
section has been re-designed accordingly.

In fig.s 15 and 16 the calculated matching ef-
ficencies of the new designs are shown. In par-
ticular it is worth noting the example of the new
non-tapered transition in the inset of fig. 16 and
the very accurate and sharp profile of the 0.1 ptm
gap in the CPW inner conductor obtained with
the fabrication process. These results, besides be-
ing very promising are also very useful for predict-
ing the expected bandwidth of the receivers, even
though other effects (such as the silicon lens ef-
fect) are not included in the model presented in
this paper.

VI. CONCLUSIONS

In this paper we have presented an improved
model for series fed coplanar waveguide embed-
ding circuits that are used in bolometric THz re-.
ceivers. We first calculated the complex propa-
gation constant and characteristic impedance of
the weakly leaky mode propagating in the CP W
etched between two semi-infinite dielectrics. It has
been found that for higher values of the charac-
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teristic impedance the quasi static approximation
is inadequate for an accurate design that aims to
match the CPW impedance to the radiating slots
or to the bolometer. We have also presented an
improved model of the planar transition between
the CPW and the bolometer.

Using these improvements, we have investigated
seven mixers developed for real instrument ap-
plications and we have been able to explain the
downward shift in the resonating frequency when
comparing simplified predictions with the actual
measurements. Higher order physical effects that
can contribute to the input impedance of the cir-
cuit are still not taken into account. In particular,
the bolometer impedance is accurately known only
in DC and it is not necessarily real at 2.5 THz.
Skin effects could have an impact on the overall
circuit and other reactances could be associated
with the vertical variation of the metal thickness
between the CPW inner conductor and the super-
conductive metal of the HEB device. Finally, the
transitions between high and low impedance sec-
tions of the filter should be taken into account.

Nevertheless the results obtained by our im-
proved equivalent network are outstanding consid-
ering the extreme challenges associated with fabri-
cation and measurement at 2.5 THz, and the pre-
dictions obtained for the new set of THz mixers
presented in the last section of this paper are very
promising.
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Abstract. 

We present recently obtained values for gain bandwidth of NbN HEB mixers for

different substrates and film thicknesses and for MgO buffer layer on Si at LO frequency

of 0.85-1 THz. The maximal bandwidth, 5.2 GHz, was achieved for the device on MgO

buffer layer on Si with a 2 nm thick NbN film. Functional devices based on NbN films of

such thickness were fabricated for the first time due to an improvement of superconducting

properties of NbN film deposited on MgO buffer layer on Si substrate.

Introduction. 

In the last years, the development of HEB mixers has reached such a high level that

these devices can be successfully utilized in heterodyne receivers of THz frequency range.

Their high sensitivity and low LO power make them suitable for radioastronomic

observations on space- and airbom platforms. An NbN HEB mixer seems to be a

preferable mixing device now for such projects as FIRST (Far Infrared Receiver Satellite

Telescope), GREAT (German REceiver for Astronomy Terahertz frequencies), or TELIS

(TErahertz Limb Sounder). Heterodyne receiver based on this type of mixer is successfully

used on the 10-m Heinrich Hertz Telescope on Mount Graham, Arizona [1]. The obtained

values of noise temperature for a receiver based on NbN BEB mixer are 650 K at LO

frequency of 1.6 THz and 1100K at 2.5 THz [2]. These noise characteristics amount to 5-

10 times of the quantum limit.

Currently phonon- [3] and diffusion- cooled [4] EIEB mixers are being developed.

The main difference between the two modifications lies in the electron cooling mechanism.

In the diffusion cooled HEB mixer, the electron subsystem is relaxed by the diffusion of

nonequilibrium hot electrons to cold metal contact pads. The gain bandwidth in this case is
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determined by the length of the active superconducting film and the electron diffusion

coefficient and reaches 9 GHz for 80 urn long Nb microbridge [5].

In the case of the phonon-cooled BEB mixer, electron temperature is relaxed by

electron-phonon interaction and later by the escape of non-equilibrium phonons to the

substrate [6]. Gain bandwidth of this type of HEB mixer depends on electron-phonon

interaction time eph and on the non-equilibrium phonons escape time 'Lew. Currently, gain

bandwidth of phonon-cooled NbN HEB mixers at the optimal operating point which yields

the lowest noise temperature has achieved values of 3.6 GHz for the device on quartz

substrate with MgO buffer layer [7], 4 GHz for Si [8], 3.7 GHz for sapphire [8], 4.5 GHz

for MgO [2]. Further improvement of NbN phonon-cooled HEB mixers can be achieved

through decreasing of ;se. Phonons escape time depends on film thickness and acoustic

transparency of substrate-superconductor interface. In this work we studied the influence

of MgO buffer layer on superconducting properties of NbN films of varied thickness. We

also researched into gain bandwidth of the devices based on ultrathin NbN films deposited

on MgO substrate and on MgO buffer layer on silicon substrate. A gain bandwidth of 5.2

GHz was obtained for a device fabricated from 2 nrn thick NbN film deposited on Si

substrate with MgO buffer layer.

Device design and fabrication. 

In this work NbN FLEB mixers on Si and MgO substrates and Si with MgO buffer

layer were studied. MgO buffer layer, 200 nm thick, was deposited by e-beam evaporation

from MgO pellet. The substrate temperature during the MgO deposition process was about

400 °C.

Ultrathin NbN films were deposited by reactive dc magnetron sputtering in the Ar

+ N2 gas mixture. The maximum values of the critical film parameters (T, and j e) were

reached at the partial Ar pressure of 5x10 -3 mbar, the partial N2 pressure of 9x10 -5 mbar,

the discharge current value of 300 mA, the discharge voltage of 300 V and the substrate

temperature 850 °C. The deposition rate was 0.5 nm/s. It was defined as the ratio of the

film thickness, measured with a Talystep profilometer-profilograph, and its deposition

time. The film thickness varied between 2 and 10 nm according to deposition time. The

quasioptical mixer was made by e-beam lithography and photolithography as illustrated in

Fig. 1. For fabrication of the devices the central part of spiral antenna was formed using

lift-off e-beam lithography based on Cr-Au metallization (Cr —5 nm, Au — 70 nm). The

gap between the gold contact pads that uncovered the active NbN film area in the mixer

was 0.15 — 0.25 Inn long and 1.5 — 2.5 1.im wide. A SEM photograph of the central part for
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one of the devices is presented in Fig. 2b. The next process was to fabricate the outer part

of the mixer by lift-off photolithography based on Ti-Au metallization (Ti —5 nm, Au —

200 nm) as presented in Fig. 2a. The last process was to remove the NbN layer by ion-

milling in Ar atmosphere from the whole substrate surface except for the central part of the

spiral antenna, which was protected by a SiO mask made by lift-off e-beam lithography.

An improvement of superconducting properties of NbN ultrathin films due to the

presence of MgO buffer layer on silicon substrates is evident and reproducible. As can be

seen from Fig. 3, NbN ultrathin films (even those 2 nm thick) deposited on MgO buffer

layer have a higher Tc not only in comparison with NbN films deposited on silicon

substrate but also with NbN films deposited on MgO substrate. We believe that this effect

can be explained by the fact that surface properties of MgO buffer layers deposited on

silicon substrate are better than those of MgO substrate itself Silicon substrates can be

polished more accurately than MgO ones but the discrepancy in thermal coefficient of

expansion between silicon and NbN cause high mechanical stresses in the films, which

explains worse superconducting properties of the NbN ultrathin films deposited on silicon.

Experimental Setup. 

The HEB mixer output power versus intermediate frequency was measured at LO

frequency in the range of 0.87-1 THz. The Experimental setup is presented in Fig. 4.

Two backward wave oscillators OB-44 were used as heterodyne and signal sources.

Radio frequency (rf) radiation was focused using two Teflon lenses to create optimum

patterns. After the attenuation by polarizers rf power was split by 50-1.im Maylar beam-

splitter and arrived into liquid-helium cooled vacuum cryostat through a Teflon window.

After IR Zitex filter it fell on mixer block mounted on the cold plate of the cryostat. The

mixer block consisted of a hyper-hemispherical lens fabricated from high-resistivity silicon

with a mixing device positioned on the flat side of the lens. The device antenna was

integrated with 50 Ohm coplanar line. The intermediate frequency signal was guided out of

the HEB via a 50 Ohm microstrip line, which was soldered to an SMA connector. A bias

tee was used to feed the bias to the mixer and to transmit the intermediate frequency signal

to a room temperature amplifier. Because of a limited dynamic range of NbN fiEB mixer

and a comparably high noise temperature of ultra-wideband amplifiers we used two

amplifying chains in the frequency range of 0.5-9 GHz (0.5-4 GlIz 55 dB amplifying

chain and 3.7-9 GHz 57 dB amplifying chain). The amplified signal power was recorded
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by a power meter. The intermediate frequency was measured by a spectrum analyzer
connected in a chain after the directional coupler.

When the output power was measured at low signal power versus intermediate
frequency we had to use an amplifying chain that consisted of three amplifiers (about 65-
80 dB in all frequency ranges). To prevent the noise power of the first amplifier after
amplification from coming out of the dynamic range of the last amplifier, a tunable filter
was inserted before the last amplifier. The filter had 20 MHz bandpass and the central
frequency tuned in the range from 1.8 GHz to 12 GHz. Low input signal power
measurements showed that output power about 65 dBm is within the dynamic range of the
HEB mixer based on the ultrathin NbN film down to 2 nm thick.

Results and Discussion. 

The output power vs. IF dependence was measured under varied operating
conditions. The family of TV-curves for one of the devices is presented in Fig. 5. Operating
point 1 yields an optimum noise performance of the device and is marked in the figure.
Operating point 2 corresponds to the same LO power as operating point 1 and to a higher
bias voltage. Measured output power vs. IF dependence of the device in the operating point
1 is presented in Fig. 6 by curve A. Curve B in Fig. 6 presents the measured IF dependence
at operating point 2 of the same device. Operating at larger biases than the optimum can
decrease a self-heating effect (positive electro-thermal feedback) and therefore expands the
gain bandwidth. This can be described by the following equation [9]:

AB = AB 0(1+C(R-RL)/(R-FRO),

where R is the DC resistance of the sample at the operating point, R I, is the load resistance
of the IF chain, and C is a self-heating parameter determined by the following equation:

C = (IVR/OT)/ceV)To ,

where I is the bias current, aR/OT is the superconducting transition derivative of the
resistance with respect to temperature, ce is electron specific heat and V is active NbN film
volume.

The experimental error of the obtained dependencies of the output power vs.
intermediate frequency is not small enough due to residue resonances in the IF chain. To
reduce this experimental error the output power ratio at two different operating points at
each intermediate frequency was analyzed. This ratio IF dependence is presented in Fig. 6
by curve C. It is evident that residue resonance influence is decreased on the ratio curve.
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This curve has two characteristic frequencies, corresponding to gain bandwidths of the

device at two operating points.

Experimental results for devices based on 3.5 urn thick NbN film on MgO substrate

and on MgO buffer layer on silicon substrate are presented in Fig. 7. The cut-off frequency

for a device on MgO substrate is in good agreement with an independently obtained value

[2]. As can be seen from the figure, the measured values of gain bandwidth for the devices

investigated in this work and based on 3.5 nm NbN film are close to each other. The cut-

off frequency for a phonon-cooled NbN HEB mixer is determined by electron-phonon

interaction time 't eph and non-equilibrium phonons escape time Tese. It is known from other

papers [10] that the gain bandwidth of a device based on 3.5 nm thick NbN film partly

depends on Tese that is determined by film thickness d and acoustic transparency between

active superconducting film and substrate a as follows:

Tese = 4d/au,

where u is the speed of sound in NbN. According to the result of Fig. 7, a can be

assumed to be the same for MgO substrate and MgO buffer layer on Si substrate because

in both cases all other parameters are the same. Consequently, the current MgO buffer

layer on silicon substrate has good acoustic transparency to NbN ultrathin film (the same

as has the MgO substrate itself) and better surface properties than other investigated

substrates.

The noise bandwidth of a device based on 3.5 nm thick NbN film deposited on MgO

buffer layer on Si was measured at LO frequency 0.6 THz in the Chalmers University of

Technology. The obtained noise temperature vs. IF dependence is presented in Fig. 8. The

Intermediate frequency with a noise temperature twice as high as the minimal value was

about 5.5 GHz. This is in good agreement with gain bandwidth measurements.

The output power vs. IF dependence for a device based on 2 nm thick NbN film as

obtained in this work is presented in Fig. 9. As can be seen from this figure, the gain

bandwidth under optimal operation conditions achieved 5.2 GHz, while at higher bias

voltage it reached 10.7 GHz. This latter value is in good accordance with the material limit

provided by electron-phonon interaction time. This time Teph for NbN depends on

temperature as follows [11]:

Teph =500-T-1-6

The highest Tc of the devices based on 2 nm thick NbN ultrathin film achieves 9.2

K. According to the equation above, eT ph S about 14.4 Ps and provides an overall gain_ -
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bandwidth of 11.1 Gliz. So, we can presume that in the case of NbN films 2 nm thick HEB

mixer's cut-off intermediate frequency mostly depends on teph and in its turn on the

superconducting transition temperature.
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6. SiO MASK

7.Ar ION MILLING OF NbN.

Fig. 1 Fabrication steps for NbN Hot-Electron
Bolometer Mixer with MgO Buffer Layer
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Fig. 2 Photograph of the spiral antenna integrated with the device (Left).
SEM photo of the central part of the antenna, showing the HEI3 device (Right)

Fig. 3. Criticai temperature vs. film thickness for NbN films on different substrates.
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Fig 5. IV curves of device based on 3.5 nm thick NbN
film on MgO buffer layer on Si substrate.
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Fig. 6. Output power vs. intermediate frequency at two operating points
mentioned on fig. 5 (curves A and B). Curve C presents output power ratio at
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Intermediate frequency, GHz

Fig. 7 Output power vs intermediate frequency dependences for the
devices based on 3.5 nm thick NbN film deposited on MgO substrate (A)

and Si substrate with MgO buffer layer (B)
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Fig. 8 Noise temperature vs. IF of a device based on 3.5 nm thick NbN
film on MgO buffer layer on Si at 0.6 THz LO frequency.
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Intermediate frequency, GHz

Fig. 9 Output power vs. intermediate frequency dependence for the device
based on 2 nm thick NbN film deposited on Si substrate with MgO buffer layer.
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Quasi-optical beam waveguide analysis
using

frame based Gaussian beam expansion

Torsten  Bondw and Stig Busk Sorensen
Ticra, Laederstraede 34, DK-1201, Copenhagen

Abstract
A frame based Gaussian beam expansion method which can be used for analysis of quasi-optical beam waveg-
uides is presented. The method is tested for the scattered field of an ellipsoid at 321 GHz and 3.21 THz.

Keywords: Quasi-optics, Beam waveguide, THz, Gaussian beams, PO, frames.

Introduction

For reflector antennas and mirrors with diameters less than 250 wavelengths Physical Optics (P0) is a fast and
accurate calculation method for determining the scattered fields. In optics where the diameter of the mirrors are
much larger than a thousand wavelengths ray tracing methods as Geometrical Optics (GO) are efficient ways of
determining the scattered fields. However, at Quasi-optical frequencies the mirrors are typically in the order of a
thousand wavelengths in diameter and in this range neither PO nor GO methods suffice. The computational time
for PO increases with the frequency to the fourth power and GO methods become inaccurate or impractical. A
fast analysis method useful for this wavelength range is the Gaussian beam analysis method.

Imbriale et. al. [1] expand the field in a beam waveguide in Gauss-Laguerre beams, which are used to propagate
the field from a reflector A to a reflector B. On the reflector B the currents are calculated by the PO approxima-
tion. The scattered field of the reflector B is found by making a new expansion in Gauss-Lagucrre modes on an
output plane in front of the reflector B. This involves the calculation of orthogonality integrals with respect to
the reflected field which is unknown at this stage. By use of the reciprocity theorem the orthogonality integrals
can be transformed to surface integrals on the reflector B that only involve the known surface cuffents. The
method is fast, but it has the major disadvantage that the Gauss-LagueiTe expansion is only accurate in the
paraxial region so that diffractions from the reflector are not accurately described.

Parini et. al. [2] use a frame based expansion [41 consisting of fundamental Gaussian beam modes that are
shifted and rotated in space. Reflector scattering is computed by GO and GTD using Gaussian beam diffraction
techniques. This gives the scattered field on an output plane where a new frame expansion is made. In contrast
to [I] the method is also able to compute non-paraxial fields since only the fundamental Gaussian beam modes
are used in the expansion. The major drawback is the use of GO and GTD for computation of the scattered
field which involves ray-tracing and may be inaccurate if the surface or rim has a complicated shape (e.g. a
rectangular rim).

In this paper a method is presented which combines the features of [I] and [2] avoiding the major disadvantages
of the two methods. The frame based expansion that consists of the fundamental Gaussian modes that are shifted
and rotated in space is used to describe the field, and the reciprocity theorem is used instead of the GO+GTD
analysis.

The method has been implemented in a computer program for analysis of a sequence of two 3D reflectors. If
a sufficiently large number of expansion functions is included the accuracy of the new method is comparable

1 Correspondence: email tb q'ticra.com.web: www.ticra.com

271



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

to PO also outside the main beam but the computation time may then be longer than for PO. However, close
to the main beam a good accuracy can be obtained with a small number of expansion functions and with a
considerable saving of computation time in comparison to PO. Especially for computing the near -field at THz
frequencies the method proves to be much faster than PO.

Frame based expansion

In [3]a uniform _D aperture field is expanded in fundamental Gaussian beam modes that are shifted and rotated
over the aperture plane. This method can be generalized to an arbitrary aperture distribution in 3D and will be
used in the next section for an ellipsoidal reflector antenna. The mathematics of this method is described in
and involves the concept of windowed Fourier transforms and frame based expansion.

In 2D the expansion functions on the aperture plane are defined by:

g1  (t) = — 
1 / t e ( 1 )

This corresponds to Gaussian beams linearly shifted and rotated in space. it, Trt are integers that define the
translation and the rotation of a gaussian beam, respectively and p go are characteristic constants that define
the form of the function.

An arbitrary aperture field f (t) can then be expanded in the series:

1(0 = grirrt (1) (2)
ran

where
oc

c71171 = < /Inn > ( t) f (t)dt. (3)
,

The function „g yn , is the dual function to gm, in this paper called the frame function. It can be computed from
gm , as described in Pt

In this way an arbitrary aperture field is expanded in Gaussian fundamental beams which can be propagated to
the next reflector in the beam wave-guide.

Computation of the reflected field

A mathematical surface S is considered which provides an aperture plane and encloses the reflector currents
J1 , see Figure I. 1:7 1 Hi are generated by the currents Ji and the fields E, and 112 are Maxwellian fields
propagating in a region with no sources. The fields E2 and H, propagate in the opposite direction of E
Assuming that S is an infinite plane orthogonal to the z-axis at z = 0 the reciprocity theorem reduces to

fs
x ) • cis (4)
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Figure I: Illustration of the use of the reciprocity theorem and frame functions.

By a suitable choice of E2 and fr, the left hand side of (4) reduces to the integral in (3) such that the expansion
coefficients em,„ can be computed from the right hand side of (4). The currents 1 are the known PO currents
on the reflector.

Hence, a method is constructed which uses the known PO currents on the reflector to compute a set of frame
coefficients defined on an output plane by means of the reciprocity theorem. Once the coefficients are known
the field value at any distance can be reconstructed as a sum of frame functions on the output plane weighted
with the frame coefficients.

Results for a 3D ellipsoidal reflector

To evaluate the speed and accuracy of the frame based expansion method a comparison to PO at different
frequencies and in different output planes is made.

A beam waveguide is considered which is operated at two frequencies 321 GHz and 3.21 THz. A coordinate
system origin is placed at the reflection point of the ellipsoid where the centre ray combining the two focal
points has a 90' reflection angle (see Fig. 2). In this coordinate system the two focal points are located in 63.5
rnm along the negative 37-direction and at 104.2 mm along the positive 2-direction. The projection of the rim of
the ellipsoid onto the plane orthogonal to the output direction along the z-axis, is a circle with diameter D=46.5
mm.

The product po * go must be < 27:- to ensure a stable expansion [A. We have chosen p qo = 717 2 with go = 1.5
(see ( I )) because it gives a simple frame function similar to the Gaussian fundamental function, but other values
of po and go can also be used (and may prove to be more efficient - this will not be discussed in this paper).

The equations (1), (2), (3) must take into account the actual geometry of the system. Therefore, a scaling
variable x = L t is introduced, where L = f

a) 0 -\/- and wo is the waist radius of the output beam. By this choice
of scaling the width of the expansion frame functions matches the width of the output Gaussian beam in the
waist. At the waist plane for 321 GHz, L ----- 2.32 mm and for 3.21 THz. L =0.245 mm. The input Gaussian
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Figure 2: Geometry of the beam waveguide system.

beam has wo = 2.12 mm at 321 GHz and wo = 0.212 mm at 3.21 THz.

The Gaussian feed is radiating from 60 mm and 63.5 mm along the negative x-axis at 321 GHz and at 3.21
THz, respectively 1 . The beam is then scattered by the ellipsoid and the field is evaluated in three planes A, B
and C (see Figure 2)

A. The near-field plane of the reflector in a distance of 40 mm along the z-axis. The field is evaluated from
x = —25 nun to x = 25 mni which is approx. the size of the projected diameter (D  46.5 mm).

B. The plane located in the waist of the reflector which is placed at a distance of 88.7 mm for 321 GHz and
in a distance of 103.9 mm for 3.21 THz along the z-axis. This is also the plane used to calculate the
frame coefficients. The main lobe and approx. 4-5 side lobes are plotted for both frequencies along the
x-axis.

C. The plane orthogonal to the ray along the z-axis at the reflection point of the next reflector in the beam
waveguide at a distance of 240 mm along the z-axis. The field is evaluated from x  —40 mm to x = 40
mm which is the size of the projected diameter of the next reflector (D 80 mm).

The speed of the frame method can be compared to the speed of the PO method by comparing the number of
PO current elements to the number of frame coefficients.

A total of 3969 frame coefficients is used in the frame based expansion. In the expansion the n-number of the
frame coefficients denotes the translation of the Gaussian beam and the Iv-number the rotation of the Gaussian
beam (see (1) and Figure 1).

Therefore, the n-number must be chosen such that the Gaussian beams cover the field to be expanded. Further-
more, the m-number determines the degree of rotation of the Gaussian beams. By increasing or decreasing this
number the area in which the radiated field is converged increases or diminishes.

I 
At 3.2 1 THz the Gaussian beam is radiating from the focal point
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Figure 3: Near field at Plane A, waist field at plane B and field at the next reflector at plane C for 321 GHz
and 3.21 THz (see Fig. 2 for set-up). Three types of fields are plotted: the frame field, a converged PO reference
field and a PO field where the minimum number of PO points that ensures field convergence 45 dB below peak
is used. The normalization of the curves is such that power flux in dB per unit area can be calculated by adding
20 log, 0 k. Only one PO curve is shown in Plane B, as the minimum PO solution and the reference PO curve
overlap in this field region.

Near field plane Waist plane Next reflector plane
PO 321 GHz 5186 961 315
PO 121 THz 507348 687 21377
Frame 321 GHz 3969 3969 3969
Frame 3.21 THz 3969 3969 3969

Figure 4: Table of the number of PO current elements for the minimum PO solution and the number of frame
functions at 321 GHz and 3.21 THz that is used to obtain the results presented in Figure 1

275



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

In Figure 3 the results of the tests are shown and table 4 contains the number of PO current elements and the
number of frame functions at 321 GHz and 3.21 THz that are used to obtain the results presented in Figure
3. Two types of PO solutions are shown: The reference PO solution where a sufficiently large Dumber of PO
points is used to obtain field convergence over the whole output plane area and the minimum PO solution where
the number of points are just sufficient for convergence down to -45 dB below the peak value.

The results show that a constant number of frame coefficient can be used for both frequencies on all output
planes. In all cases the frame results are converged down to approx. 45dB below peak value. This stable
results should be compared to PO where the necessary number of current elements is both frequency and
position dependent. Especially in the near field at the high frequency a very high number of PO points must be
used to make the field converge down to 45 dB. PO is, however. a fast method for computing the field in the
waist of the beam waveguide, where the field is in phase. For the plane of the next reflector PO is very fast at
low frequencies but becomes slow at high frequencies.

Conclusion

As a beam waveguide analysis tool at THz frequencies a frame based Gaussian beam method using a combina-
tion of two different techniques [ , 2] has been presented.

The method is frequency independent and only the number of the Gaussian beam functions determines the com-
putational time. The accuracy of the method increases with trt, and n and can reach PO accuracy. However, for
high rn, and ni numbers the method can no longer compete with PO in speed. Also for simple field calculations
where the field is in phase on the output plane, PO is a faster method.

For computing the near field the method proves to be very successful at THz frequencies, where PO is very time
consuming when the near-field plane is close to the scattering object.

The method also has the advantage, that the fundamental Gaussian beam modes used in the expansion method
are not limited to the paraxial region and a general reflector shape and rim can be handled in a beam waveguide
system.

We believe that the frame based Gaussian beam method with the right tuning (eg. choice of the grid parameters
po, go) can work as an intermediate accurate and stable alternative to the accurate, but in some cases slow
method of PO and the fast and more unstable method of GO+GTD.
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Abstract

The study of submillimeter-wave radiation in astronomy and atmospheric sciences
requires increasingly performant receivers, in particular allowing extended spectral line
surveys. To this end, we are developing a quantum-noise limited heterodyne receiver
based on SIS junction parallel arrays with broad (larger than 30%) fixed tuned
bandwidth. Simulations show that networks of junctions (N>2) of micronic size,
embedded in a superconducting inicrostrip line, can provide a bandwidth in excess of
the ultimate limit for a single or even twin junction device. These circuits can be viewed
as passband filters which have been optimized by varying the spacings between
junctions. The results of simulations are confirmed by the first heterodyne
measurements in the 480-650GHz bandwidth, and by preliminary FTS measurements
beyond. The influence of the Josephson effect in these devices is also investigated.

I - Introduction

In the mid 90s, Shi et al [1,2] of Nobeyama radio-observatory presented a new
mixer design based on the association of several parallel SIS junctions in order to
increase the bandwidth. They succeeded with five then ten junction arrays, in which
junctions are equidistant in superconductive microstrip line. In 1998,.  we simulated this
type of circuits and identical results were obtained. Like Shi et al, we have noted
widening bandwith but accompanied by ripples especially at high frequency. Extending
the principle, we simulated a new structure with the same number of junctions but with
a nonuniform distribution (fig. 1.). Nonuniform arrays make it possible to further
improve both frequency response and sensitivity [3]. Since, Takeda et al [4] are also
de-velopping inhomogeneous distributed junction array.
On the basis of these simulations, we compared heterodyne performance of
conventional single-junction and multijunction array coming from the same wafer
which has about 4.5 kAJcin 2 current density. The single-junction is matched by one
short inductive section of microstrip followed by Tchebytchev transformer . In the
multijunction approch, the mixer, composed by N junctions connected in parallel within
a superconductive microstrip, is optimized like passeband filter. In this case, the SIS
junctions are represented by their intrinsic parameters (e.g., capacitance, normal
resistance) and the different length microstrip sections by the induced inductances [3].
The devices use the same RF filter and the same antenna. Excellent characteristics
of 2 and 5 parallel junction (1 or 2 tim 2) arrays were obtained, with current densities 4,
6 and 13 kA/cm2 . The receiver performance for some of these devices has been
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measered over the frequency range 480 GHz to 640 GHz, because of the availability of
measurement equipments.

Fig. 1. Mask of non uniform distributed five junction array L54=3.6, L4/w--8, L34=2,
L14=9.9 (w=511m)

II-Parallel junction array fabrication process

Our process fabrication is based on "Selective Niobium Etching Process" (SNEP)
[5,6]. A trilayer of Nb/Al-A1,0 3/Nb film was first sputtered, using a DC magneton, on a
200 micrometer thick quartz quartz substrate. The first 200 urn thick Nb layer was
deposited with a power of 600 W, at a rate of 2.2 nmis ; In order to get a homogeneous
layer of Al, it is necessary to let cool the substrate (1 hour in our case) before its
deposit. The 10 nrn thick Al layer was deposited with power of 100 W, at a rate of 0.5
nm/s. The tunnel barrier was built by thermal oxidation of the Al layer, using pure 0 2 at
pressure of 10 -2 mbar during 30 inn. To prevent any damage of Al layer, The deposition
of the 100 nm top Nb layer was performed at a reduced power : 300 W, lnm/s. A
positive S1828 photoresist was used to define the RF filters and DC lines. The Nip/Al-
Al203/Nb film in excess was etched away with a reactive ion etching process : the SF6
flow was 60 sccm with 60 W of RF power. The next step consists in the definition of
junctions area. The photolithography process was accurately calibrated to get
simultaneously several small junctions with same area, in confmed space. The upper
layer of Nb is etched with 20 sccm of SF 6 and 6 sccm of 0 2 at a pressure of 3.10 -2 mbar
and a power of 60 W ; the etching rate was around 3 nm/s. To prevent short-circuits
between the base electrode and the Nb contacts, the resist is etched by high pressure 02
plasma at a flow of 80 sccm and 80 W of RF power. A 250 nm of SiO is evaporated to
isolate the junctions area and the excess is removed by lift-off. After cleaning with an
Ar RF plasma, the junctions are connected by a 400 nm film sputtered in four time at a
rate of 1 nm/s and 300 W and patterned by lift-off.. Finally, a 200 nm gold film was
evaporated follow-up the lift-off in order to obtain the electrical contact. The yield was
about 80 (3/0.
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Fig.-2. Parallel junction array process fabrication (a) Sputtering Nip/ A1-Al203/Nb deposition (b)
Trilayer etching : definition of RF filter (c) Definition of multijunctions (d) Upper electrode
etching (e) Self aligned deposition of SiO insulating layer (0 Appearance of multijunctions (g)
Nb interconnection layer and gold contact pads

HI-Results

All the devices were measured in the same mixer waveguide block at 4.2 K. DC
and IF connections to the devices are made at one end through a SMA connector and at
the other end via a ground return to the mixer block with gold wire. No IF matching
circuit was used The IF signal is amplified by a 4-8GHz cryogenic HEMT preamplifier.
The double sideband (DSB) receiver noise temperature is obtained by measurement of
the Y factor method.
The five parallel lp,m 2 junction array and 21.tm 2 single-junction normal resistance were
respectivily around 12 12 and 30 a We assumed that junction specific capacitance is 80
fF4p,m2 . The W characteristic pumped by 650 GHz LO radiation of multijunction array
is shown in figure 3. A receiver noise temperature of 176 K DSB was meseared at this
frequency. Over the frequency range 480 GHz to 640 GHz, the noise temperature of
both single-junction and 5 junction array is shown in figure 4. With the multijonctions,
we measured around 400 K noise temperature almost in all bandwidth, unlike single-
junction response frequency which quickly degrades from 560 GHz, to reach average
1300K over the rest of the bandwith. Elsewhere, the noise temperature remains high
because of the poorly matched IF output on one hand, and because of the large
contributions of Rf quasi-optics noises (bad mixer block) on the other hand. The
equivalent noise temperature of IF-chain was about 25 K. Using the "intersecting lines"
method [8], we estimated the equivalent noise temperature of Rf contributions at all
frequencies. For unkown reasons, we found very high values : average 250 K. The
worst noise temperature was at 605 GHz LO. This same frequency corresponds to a dip
in the FTS (fig. 5.) for jc=13 kA/cm2 (heterodyne measurements not yet done). Possibly,
this resonance is due to the mixer block and device independent.
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Josephson effect

The figure 5 shows the evolution of critical current I max at zero bias-voltage vesus
applied magnetic field. The Josephson current cannot be supressed entirely and there
remains a residual current about 2 to 5p,A except for one value of the current in the coils
(6.45mA).

2 3 4 5 6 7

Current in coils (mA)

Fig. 5. Evolution of critical Josephson current versus magnetic
field in multijunction array

In the 5 junction array, using a constant voltage bias, several steps and negative
resistances have been observed in both the unpumped and pumped IV curves, as shown
by figures 6-a and 6-b (for 542 GHz LO), enhanced or reduced by the magnetic field.

0 0,5 1 1,5 2 2,5 3
Bias Voltage (mV)

(b)
Fig. 6. Multijunction array : negatives resistances in both (a) unpumped and (b) pumped IV by

applied microwave radiation at 542 GHz LO

Although similar steps induced by Josephson pair tunneling, with or without LO, are a
common feature of SIS mixers, those steps in 5-junction arrays have a qualitatively
different look and behaviour. Their oddity is particularly striking when no LO nor any
magnetic field is applied, as they strongly remind of the "zero field steps" (zFs) seen in
long Josephson junctions in which solitons propagate. Indeed, we observed three steps
at 0.5, 1 and 1.35mV bias (fig. 8.).
If the multijunction structure, which is electrically equivalent to a long junction, can
increase the mixer bandwidth, it also supports static and dynamic Josephson current
modes different and more complex than the single junction. This was a theoretical
expectation of ours, and more will be presented on this in another aticle. It potentially
has consequences on mixer sensitivity. In the presence of LO, the steps are more
difficult to suppress than in single-junction circuits.

0 0,5 1 1,5 2 2,5 3
Bias Voltage (mV)

(a)
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Fig. 8. ZFD apparition in multijunction array

The figure 9 shows the noise temperature measured with 5 junction array versus
consumed OL power at 650 GHz. We note that there is an optimal power around 25-40
nW, but also that is another local minimum at higher power can exist. Thus, the LO
power is not necessarily proportional to number of junctions. This result is important
and was predicted by simulations based on Tucker theory [3,7]. In figure 10, each curve
represents one junction. We note that a limited number of junctions provide the mixing
while the others play a passive role.

Power consumed (nW) LO Frequency (GHz)

Fig. 9. 650 GHz LO power consumed by Fig. 10. Simulation of LO power
the 5 junction array consumed for each junction

IV-Conclusion

We succeeded to obtain high quality 5 junction array at medium and high current
density (4.5,6 and 13 kA/cm2) in spite of the difficulty of fabricating arrays of
rigorously identical junctions. The comparative heterodyne measurements of single
junctions and distributed junction arrays confirm the simulations about widened
bandwidth and average power necessary to drive the mixer. The Josephson current
manifestation behavior is certainly more significant but does not seem to influence the
SIS mixing operation.
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ABSTRACT

The discovery of galaxies beyond z-1 which emit the bulk of their
luminosity at long wavelengths has demonstrated the need for high-
sensitivity, broadband spectroscopy in the far-IR/submmimm bands.
Because many of these sources are not detectable in the optical, long-
wavelength spectroscopy is key to measuring their redshifts and ISM
conditions. The continuum source list will increase in the next decade
with new ground-based instruments (SCUBA2, Bolocam, MAMBO) and
the surveys of HSO and SIRTF. Yet the planned spectroscopic
capabilities lag behind, primarily due to the difficulty in scaling existing
IR spectrograph designs to longer wavelengths.

To overcome these limitations, we are developing WaFIRS, a novel
concept for long-wavelength spectroscopy which utilizes a parallel-plate
waveguide and a curved diffraction grating. WaFIRS provides the large
(-60%) instantaneous bandwidth and high throughput of a conventional
grating system, but offers a dramatic reduction in volume and mass.
WaFIRS requires no space overheads for extra optical elements beyond
the diffraction grating itself, and is two-dimensional because the
propagation is confmed between two parallel plates. Thus several
modules could be stacked to multiplex either spatially or in different
frequency bands. The size and mass savings provide opportunities for
spectroscopy from space-borne observatories which would be impractical
with conventional spectrographs. With background-limited detectors and
a cooled 3.5 telescope, the line sensitivity would be better than that of
ALMA, with instantaneous broad-band coverage. We have built and
tested a WaFIRS prototype for 1-1.6 mm, and are currently constructing
Z-Spec, a 100 mK model to be used as a ground-based XL1X-350
submillimeter galaxy redshift machine.
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L Scientific Motivation 

The advent of large-format bolometer arrays for wavelengths around 1 mm (SCUBA,
MAMBO) had revealed a new class of galaxies which are likely at medium to high redshift.
These sources are cosmologically significant — their counts reproduce much of the diffuse
far-IR I submilliineter background radiation, representing the energy generated by all
galaxies over the history of the universe (Blain et al. 1999, Barger et al, 1999). These
submillimeter galaxies are luminous systems similar to the nearby IR galaxies discovered
with IRAS. Of the nearly 200 submillimeter galaxies discovered thus far, only a small
fraction have confirmed spectroscopic redshifts and well-determined properties at other
wavelengths. This is because the sources are very dusty with high extinction at short
wavelengths, the optical and UV energy is almost entirely reprocessed and reradiated
between X = 50 gm and 1 mm, making the optical counterparts too faint to be detectable.
While there are spectral features that could be used in the millimeter / submillimeter, the
instantaneous bandwidth of heterodyne millimeter-wave receivers is currently a small
fraction of unity, so searching for lines in sources with unknown redshifis is impractical.

The long-wavelength continuum source list will only increase in the next decade with new
ground-based instruments (SCUBA2, Bolocam) and the confusion-limited surveys of HSO
and SIRTF. The recently discovered subrnillimeter galaxies, and their soon-to-be-
discovered far-IR cousins demonstrate the need for broad-band spectroscopy in the far-IR /
submillimeter / millimeter bands. Long wavelength spectroscopy with large instantaneous
bandwidth is the key to measuring these sources redshifts, which constrain their
luminosities, sizes, and masses. Moreover, the wide variety of spectral features in the mid-
and far-IR provide information on the conditions in the interstellar medium and contrain the
luminosity source(s). The types of spectral features include:

• Fine Structure Lines. Species include Ne+, 5++ , Si+, C+, CO, 00, 0++ , with
luminosities from 10-4 to 3 x 10-3 of the total bolometric luminosity. These lines
also measure the gas conditions and UV field properties in regions where stellar or
AGN luminosity is input into the ISM. Mid- and far-IR fine structure lines have
been used to study the starburst conditions in nearby galaxies (Stacey et al., 1991,
Lord et al, 1994, Colbert et al. 1999, Canal et al. 1994, Malhotra et al, 2001) and
recently, in as an AGN / starburst discriminator in ULIGs (Genzel et al, 1998).

• PAH Bands. These features are very prominent in starburst systems, a well-studied
redshift template with luminosities typically 1-4 % of Lbol. (see Helou et al., 2001,
Iran et al., 2001.)

• Molecular Rotational Transitions. Millimeter and submillimeter CO rotation is the
dominant coolant of molecular gas and a probe of its temperature and density. Mid-
and high-J lines trace warm gas associated with UV or shock heating of dense
molecular gas (Jaffe et al, 1985, Harris et al, 1993 Ward et al., 2002, Bradford et al.,
2001). Though not energetically important, other abundant species such as OH and
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CH, constrain molecular gas column densities and abundances through absorption
transitions (Bradford et al, 1999, Smith et al, 2001, Fischer et al 2001). These lines
also have potential as a redshift probe for extremely obscured sources (those weak
in fine structure lines) like Arp 220.

Table 1 (below) examines the various ISM probes available in the far-IR and submillimeter.
The redshift range is that which would be observable with a spectrometer operating from

= 20 gm to 1 mm.

TABLE 1. Far-IR SPECTROSCOPIC PROBES
SPECIES WAVELENGTH DIAGNOSTIC UTILITY REDSHIFTS

IONIZED GAS

Primarily AGN.
Probes of the gas density and

UV field hardness in star-
formation H II regions.
Provides effective temperature
of hottest stars.

Diffuse interstellar H II regions.

0 IV 54.9
S IV 10.5
0111 51.2, 88.4
S III 18.7, 34.8
N III 57.3
Ne 12.8
N 122, 205

0-17
0.9- 100
0-18
0 - 50
0 - 16
0 - 75
0 - 7

NEUTRAL ATOMIC GAS

C II 158 Density and temperature probes 0 - 5
Si II 34.81 of photodissociated neutral-gas 0 - 30
0 I 63, 145 interface between H II regions 0 - 15
C I 370, 610 and molecular clouds. 0 - 1.7

MOLECULAR GAS

H2 28.1 and Arises in dense, 100 - 1000 K molecular
rotation shortward. gas - often shock heated.

Coolant of first gravitational collapse.
CO 2600 and Primary coolant of molecular gas -

rotation shortward probes pressure and temperature.
Isotopes provide column densities,
total gas mass

0 - 100

0 - 3

DUST

PAH 7.7, 11.3 Indicates star formation 0.8 - 100

2. Sensitivity from Space

Unfortunately, though there are a wealth of diagnostics for dusty galaxies in the far-IR and
submillimeter, the wavelength range is not generally accessible from the ground. The
atmospheric windows shortward of X-7001.im are accessible only occasionally from
mountaintop sites. Between 30 and 200 pm, the atmosphere is completely opaque from all
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terrestrial sites. While there are space missions planned to observe these wavelengths in
the continuum (SIRTF, HS% there is very limited spectroscopic capability planned for
these wavelengths from space. The sensitivity attainable from a modest (diameter — 3.5 m)
cool (T < 15 K) space telescope is dramatically better than what is currently planned
between SIRTF and ALMA (see Figure 1). The effective line survey speed, proportional to
the inverse of the sensitivity squared divided by the instantaneous bandwidth shows a more

Figure 1. Spectral sensitivity on a
cold 3.5 m space telescope. The
50% and 5% total couplings are
conservative bounds to what
might be achieved with a real
spectrometer. Background noise
is calculated from the fluctuation
in the Zodical and cirrus
backgrounds, toward patches of
low intensity. If historical trends
continue, background-limited
performance at these frequencies
will be possible, and gains of 2-4
orders of magnitude in sensitivity
could be achieved.

Figure 2. Sensitivity calculations
similar to those of Figure 1, but
including the effect of instrumental
bandwidth. Under reasonable
assumptions (15% efficiency, one
polarization only), a broad-band
spectrometer on a cold 3.5 meter
telescope will have line survey
speeds 6 or more orders of
magnitude faster than the
spectrometers of HSO, making far-
IR line surveys practical. Such an
instrument would be faster than
ALMA for X<600 lam
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dramatic gain of several orders of magnitude (see Figure 2). These large potential gains are
possible in part because the raw sensitivity improves substantially by cooling the telescope
to 15 K or lower (HSO is expected to operate at about 60 K). Another key aspect for
observing sources with unknown redshifts is that the spectrometers on HSO are not
optimized for line surveys. F'ACS is an imaging spectrometer with only a 1% instantaneous
bandwidth, and SPIRE is a Fourier transform instrument with noise from the full band on
the detectors at once. For an 8 meter class cold telescope such as SAFaIR, the sensitivity
advantages are improved an additional factor of more than 5 beyond what is plotted in
Figures 1 & 2.

3. Technical Background: Why a Waveguide Spectrometer

While there are a variety of options for a far-IR and submillimeter spectrometer, some are
better suited to the science goals outlined above — observing high-redshift dusty galaxies
with high sensitivity Sources will be taken from preceeding continuum surveys, and will

Figure 3. Sizes of
existing spectrometer
modules compared with
their survey capability.
The spectral survey
capability of an
instrument is given by
its resolving power X
total bandwidth.
Modest resolution,
broad-bandwidth
systems exist (eg the
SIRTF IRS modules)
but are prohibitively
large when scaled to far-
IR and submillimeter
wavelengths. WaFIRS
offer a compact
broadband system for
longer wavelengths.

be spatially unresolved, so that imaging is not particularly important. In most cases, the
redshifts will not be known in advance and the diagnostic lines are distributed over a broad
spectral range, so a large instantaneous spectral bandwidth is critical. Given that in the far-
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Figure 4. WaFIRS
Concept: Rowland
grating in parallel plate
waveg-uide.
The light enters the
parallel plate medium
from the radiating horn
and illuminates the
curved diffraction
grating. Each facet of
the grating is
individually positioned.
Bolometers are
positioned behind
receiving horns on the
focal curve.
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IR and submillimeter, the total number of detectors is typically a constraint, it therefore
desirable to have the detectors arrayed spectrally rather than spatially, and an imaging
monochromator such as a Fabry-Perot is not the instrument of choice. For ultimate
sensitivity, a Fourier transform spectrometer (FTS) is not ideal because it places the entire
spectral bandwidth and its associated photon noise onto a single detector. An FTS is
appropriate only when using a detector which is not background-limited at the spectrometer
resolution.

The obvious choice for background-limited point-source spectroscopy is a diffraction
grating. Gratings have been used in astronomy for decades, and recently in the Infrared
Space Observatory (ISO) as cryogenic, space-borne infrared spectrometers. When operated
in first order, a grating naturally provides an octave of instantaneous bandwidth, and the
resolution can be increased by increasing the grating size, roughly d x R/2. At far-IR
and subminimeter wavelengths, this size quickly becomes prohibitively large, especially
since real instruments are typically larger than the fundamental limit because they include
collimating and imaging minors as well as order-sorting elements. For example, each of
the spectrometer modules on SIRTF, measures about 40 x 15 x 20 cm, with a maximum k x
R product of 2 cm (R = 600 at 37 pm). To scale such an instrument up for a wavelength
of 200 pm would result in a long dimension of over 2 meters, prohibitive for a space
mission. Another example is the PACs spectrometer for HSO, an image slicing
spectrometer which provides R=1500 out to 200 gm. The size of the cryogenic enclosure is
quite large, roughly 80 cm x 80 cm x 30 cm, and because the instrument is designed for
imaging spectroscopy; it only provides 16 spectral resolution elements, or 1% instantaneous
bandwidth. The sizes of existing spectrometers are shown in Figure 3 in units of k 3 , plotted
against the total number of spectral resolution elements.
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To provide spectroscopic follow-up capability for the continuum surveys and to provide the
foundation for further spectroscopic study, we are developing a new technology for a
compact, broad-band spectrometer for the far-IR and subrnillimeter. WaFIRS, the
Waveguide Far-IR Spectrometer, consists of a curved diffraction grating, entrance feed
horn and detector feed horns all inside a parallel-plate propagation medium (see Figure 4).
The spectrometer need be only a few wavelengths thick due to the two-dimensional
geometry. Several spectrometers could easily be stacked to provide multiple wavelength
bands, multiple spatial pixels, or both. The curved diffraction grating is the most space-
efficient grating configuration possible because it both disperses and focuses the light. The
grating can be nearly as large as the largest spectrometer dimension, with very little
overhead, thus providing the maximum resolving power for a given cryogenic volume.
Furthermore, the grating is used in first order which provides up to an octave of
instantaneous bandwidth for any given module. The dramatic reduction in volume relative
to conventional spectrometers is illustrated in Figure 3. The design has no moving parts
and, once assembled, is completely light tight. While the concept has not been applied in
the far-IR or submillimeter before, similar systems have been produced for near-IR and
optical applications. The compact, lightweight geometry and robust construction make
WaFIRS extremely well-suited for airborne, bailor' and space-based spectroscopy.

4. WaFIRS Technical Discussion: 

WaFIRS is conceptually similar to the slit spectrometers with curved gratings used by
Rowland, Wadsworth, Eagle and other shortly after Rowland made the first curved grating
around the beginning of the 20th century (see Born & Wolf, 1999). Though WaFIRS uses
the same basic layout, it is based on propagation of a single electromagnetic mode in a two-
dimensional medium bounded by parallel, conducting plates. The propagation mode is
analagous to the TE_10 mode in rectangular waveguide -- the electric field is normal to the
direction of propagation, with a half-wave vertical profile which vanishes at the top and
bottom. [The dispersion relation is that of waveguide, namely as the frequency decreases
toward cutoff, the wavelength increases infinitely.] Light is injected into a WaFIRS
module with a horn which provides a suitable illumination pattern on the grating. The
grating is in first order, and diffracts the light to a circular focal curve which extends over
nearly 90 degrees of arc, on which the feed-horn coupled bolorneters are arrayed. Figure 4
shows a sketch of the WaFIRS concept.

We have designed and built a prototype for wavelengths of 1-1.6 mm. The spectral
resolving power is between 180-250 and the overall size only 56 cm x 42 cm x 2.5 cm. The
key to the design is the placement of each facet individually such that for two frequencies,
the change in propagation phase from the input to the output is exactly 2n between two
adjacent facets, providing perfect (stigmatic) performance at these two frequencies. In our
2d=1-1.6 mm prototype, there are 400 facets, and the resulting grating curve has a length of
51 cm. To evaluate the spectrometer designs, we perform diffraction calculations which
account for the amplitude and phase produced by the input horn at each facet, then sum the
contributions from all the facets at each output location. The model therefore includes
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Estimates of the spectrometer efficiency must include losses from: 1) Waveguide
propagation with finite-conductivity plates, 2) diffraction efficiency into the proper order
(i.e. blaze efficiency), and 3) illumination losses. Figure 5 plots our calculations of these
contrib-utions, and their product. The waveguide propagation loss is given by standard
expressions (see Pozar, 1998), the 3 % loss for total propagation from input to detector can
be achieved by  polishing and gold-plating the parallel plates. In our prototype operated 
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diffraction and geometric optics, at a scalar approximation. The illumination of the grating
is important — a larger pattern from a smaller input horn produces higher spectral
resolution, but lower efficiency, due to power which is lost beyond the edges of the grating.
For the first prototype, we have chosen a 3.5 mm input horn which illuminates the grating
with a power pattern of FWHM = 110 (180) facets at 1.0 mm (1.6 mm). The spectral
resolution (V I dvmviim) that results is 180 (250) at 1.0 (1.6 mm). Because the facet
positions are individually calculated, the geometric aberrations are completely negligible,
and the system is strongly diffraction limited.

4.1 Spectrometer Efficiency

Figure 5. Testing of the first WaFIRS prototype. Measurements were made with
a detector behind a single-mode feed, which does not couple all the power in the
profile. Accounting for this coupling inefficiency produces the corrected curves
which are close to performance predicted by the waveguide propagation loss,
spillover loss. The high-frequency degradation is due to a blaze inefficiency,
which will be corrected in future designs.
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We have measured the performance of our prototype using a backward wave oscillator
(BWO) as a sweeping millimeter wave source (Figure 5,6, below). The power was
measured with a diode detector in single-mode waveguide. At each frequency, a very
small feed horn was used to measure the size of the intrinsic profile, then the total coupling
as measured with a larger (but still single mode) feed is deconvolved using this profile.
The results are quite close to our predictions over much of the band. We are investigating
the reason for the loss in performance at the highest frequencies, it is likely a blaze
efficiency.
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with only nickel coated plates and an aluminum grating, the propagation efficiency is
somewhat lower. The blaze efficiency is calculated with commercially available software,
applicable since with the waveguide propagation mode, the radiation is effectively in TE
grating mode. These same calculations are the basis of our choice of a 29' blaze angle.
Spillover losses are discussed above, they range from 89% to 94%. The net efficiency of a
gold-plated cryogenic system is expected to be higher than 80% across our band.

4.2 Prototype Testing 

Figure 6 a,b,c .
Measured resolving power of the
first WaFIRS prototype. To
within the measurement
uncertainties, profile widths are
equal to those calculated in the
design model. The second
generation spectrometer will have
resolving power between 250 and
400.
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5. Scalabilitv: Ground Based Observations and WaFIRS Modules for the Far-IR

In addition to our warm 2c=1 mm prototype, we are constructing a cyrogenic version, Z-
Spec for observations from ground-based submillirneter I millimeter observatories. Z-Spec
will demonstrate the capability of WaFIRS to provide broadband spectroscopy with
background-limited sensitivity at 1 mm. The instrument will measure the redshifts of
submillimeter galaxies using the rotational CO lines. Also, we have produced designs with
the same size and shape for a variety of shorter wavelengths, including a system which
provides R=2000 at X=100 gm. As wavelength is shortened, the number of facets and
spectral resolution elements increases while the facet size and the physical size of a
resolution element decrease. The grating remains in first order and the total fractional
instantaneous bandwidth is constant. This extension to shorter wavelengths is possible
because the design produces a stigmatic geometry for the grating, and geometric
aberrations are small. The table below shows three examples of spectrometer designs:

Design Parameter
Frequency Range
Stigmatic Frequencies
Number of Detectors
Number of Facets
Resolving Power
Plate Spacing
Spacing Tolerance
Longest Dimension
Illumination Efficiency

1st Prototype
195-310 GHz
273, 204 GHz

400
180-250
2.5 mm
0.08 mm
50 cm

.87-.91

Z-Spec Module
195-310 GHz
296, 199 GHz
160
500

250-400
2.5 mm
0.04 mm
61 cm

.78-.85

Far-IR Module
1.9-3.0 THz
2.8, 2.0 THz

—500
4000

1000-2000
0.6 mm
0.005 mm

55 cm
.9
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ABSTRACT

We report on a novel fabrication scheme for 1.9 THz waveguide mixers for SOFIA,
where Hot Electron Bolometer mixers (HEB) or SIS mixers are fabricated on 2 inn
thick Si3N4 membrane strips. The strips are robust enough to be mounted on a
separately fabricated Si support frame using an adapted flip-chip technology. Mounted
onto the frame, the devices can be easily positioned and glued into a copper fixed tuned
waveguide mount. Fabricating the large frames and the small Si 3N4-strips separately
requires significantly less space on the device wafer, allowing many more devices per
wafer.

This concept is currently being tested in an 800 GHz prototype mixer with a HEB
device. We have demonstrated that the cooling of the device via membrane and BY
filter metallization is sufficient by comparing the resistance versus temperature
measurements in Helium atmosphere and in vacuum. Heterodyne and Fourier transform
spectroscopy measurements are currently being set up.

I. INTRODUCTION

Within the scope of the GREAT (4 Pixel, 1.6 — 2.0 THz) and STAR (4x4 Array, 1.9
THz) receivers for SOFIA we need low noise mixers with good coupling to the
telescope. Waveguide mixers at THz frequencies demand considerably more technical
effort than quasi-optical mixers, but they provide a set of advantages as :

• single mode Gaussian beam shape for optimum coupling to the telescope

• compact design for array and satellite applications

• intrinsic band pass filtering avoiding saturation

Scaling the fixed backshort mixer design that we have successfully used in
submillimeter mixers to Terahertz frequencies is possible but obviously requires scaling
of the substrate thickness. At 2 THz, a quartz substrate would be too thin to fabricate
and handle. This paper describes our efforts to develop an alternative solution.

II. MIXER DEVICES ON MEMBRANES WITH SUPPORT FRAMES

The RF signal is coupled from waveguide to the device via the waveguide antenna
probe. The substrate with antenna probe, HEB detector and IF filter has to be thin and
narrow enough to prevent RF loss through the substrate channel. For 800 GHz mixers
the standard procedure is to grind a quartz wafer down to 25 gm, which is almost the
limit in quartz thickness that can be reliably fabricated and handled. To realize

295



Thirteenth International Symposium on Space Terahertz TechnoloD ,, Harvard University, March 2002.

considerably thinner substrate the general idea is to fabricate the mixer device on a thin
(-2 rim) membrane layer deposited or grown on a bulk wafer. The membrane is then
structured into the thin strips which are used as the substrates for the devices. By
backside etching, the support wafer is taken away, leaving only the membrane strips and
their frames of bulk material for support [1]. Materials tested were GaAs membranes

on GaAs wafers with an AlGaAs etch-stop and Low Stress Silicon-Nitride on Silicon
wafers. With both material combinations, frames with membrane strips have
successfully been produced.

III. SEPARATE FABRICATION OF DEVICES AND SUPPORT FRAMES

One disadvantage of the frame/membrane concept is the relatively large wafer real
estate occupied by the support frames. As the process for the THz mixer devices has
only limited yield, the chances of producing a sufficient number of good and - important
for array receivers- identical devices are comparably poor. This and some other points
of concern led to a further optimization of the concept.

ta:kiN a se ecteii
device artd
positioning 4

_ rnm

FPO ISM

separately tt tLC Sframe

Jevice strips aftet back etchm of the Si wa er

Fig. I: "Flip-chip" concept

The mixers are fabricated on wafers with a membrane layer, and the support frames
are produced on similar, but separate wafer. The finished devices on their thin
membrane strip substrates then have to be mounted individually onto the frames, where
they are electrically connected [2]. Of course, the mounting process is delicate and
requires a special process. We therefore developed an adapted "flip-chip" process,
taking advantage of an advanced microgripping station. With this process about 400

devices fit easily on a 1" wafer, about 20 times as many as with the conventional
concept with typical quasioptical antenna circuits.

A second problem of producing the frames together with the devices is solved with
this approach at the same time Anisotropic etching of the frames from the back side is
necessary to achieve a reproducible mechanical interface to the mixer mount. Most
reasonably anisotropic etch -processes with high etch rates only work well at
temperatures above 80°C. At this process stage, the wafer already carries the delicate
and temperature sensitive bolometer devices on the front side, so that etch protection is
of utmost importance. We have not found a reliable way of protection for small wafers.

IV. FABRICATION PROCESS

The HEB devices are fabricated on a 2 i_tm thick, low stress Silicon Nitride (Si3N4)
film deposited on a silicon wafer [3]. The process is the same as described in [4] with
only minor changes. The IF bond pads, which are later used for the "flip-chip" bonding,
consist of 300 nm Au for good electrical and thermal contact.
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The HEBs are passivated with Si0 2 which also serves as an additional protection
against the Silicon back etch solution. In the last step the Si 3N4 membrane is cut into 80
p.m strips with Reactive Ion Etching. For 1.9 THz these strips are scaled down to a
width of 40 IJIM. During RIE, the HEBs are protected by a trilayer of resist/Cu/resist
which can withstand the 12 minute silicon nitride etch. After RIE, a gold layer is
deposited to cover the silicon area between the strips using the same photoresist for
liftoff. This gold film protects the strips from being attacked by the etch solution when
it breaks through from the backside. The wafer is diced into smaller pieces and the
ground connections are cut to allow DC-testing of the devices while they are still
supported by the bulk wafer.

The most critical part of the process is the final back-etching of the supporting
Silicon wafer, leaving the devices on free standing silicon nitride strips. Obviously, this
etch process does not have to be anisotropic. Still, all isotropic recipes with reasonable
etch rates either use HF or need about 80°C process temperature. Long exposure to
elevated temperatures deteriorates the bolometer characteristics. HF on the other hand
attacks nearly any material or peels it off, making it difficult to find masking materials.
We are now working with a room temperature solution using Cu(NO 3)2 and NH4F. In
contrast to the standard HF/HNO 3 process, it is selective to Si0 2 , so that SiO2 can be
used as an etch stop and passivation for the HEBs. The wafer is glued face down onto a
subwafer with wax [5]. The reduced Cu precipitates on the Si surface and has to be
removed with a polishing step. When the bulk Si is completely etched away, the gold
between the strips is removed. Dissolving the wax results single devices on 80 iirri x
1600 p.m x 2 [tin substrates.

V. "FLIP-CHIP" ASSEMBLY

For the support frames Si wafers are thinned down to 80 pi-n by lapping. After
depositing Nb/Au bonding pads, the frames are etched with TMAI-1 at 80°C using Si02
for masking. The anisotropic TMAH etch produces 70° side walls in <110> Si. The
metallization on the frames could also be used to incorporate IF matching circuits.

For mounting on the frame, a selected device is removed from the storage box with
the help of the KOSMA Micro Assembly Station (MAS) and is positioned onto the
bond pads of the frame. The bond pads and IF filter metallization of the device are
facing downwards. The device is ultrasonically bonded to the Au/Nb pad of the frame
with a modified bond tool. When bonding the opposite substrate end, substrate strips
that are slightly bent due to residual film stress can be straightened out. The resulting
device/frame assembly can be easily handled and put into position by the micro-
assembly station and electrically connected via the bond pads of the frame. Fig. 2 shows
a finished device mounted into a 800 GHz copper waveguide block.
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Fig. 2 SEM photo of "flip-chip" mounted HEB device. The left photo shows one part of the frame with
the IF bond wire connection, the right photo shows a close-up of the RF waveguide and the freestanding
device substrate. The substrate channel is 40 p,m deep.

VI. DC RESULTS

A point of concern for HEB devices on freestanding thin membrane substrates could
be the cooling of the devices in vacuum. Fig. 3b shows a comparison of resistance
versus temperature measurements in liquid Helium and in a vacuum dewar. The results
show that there is no visible difference and that cooling via the gold wiring seems to be
sufficient. The RiT and IN characteristics are also very similar to devices fabricated on
crystalline quartz.

Fig. 3a I/V curve of HEB on freestanding Fig. 3b RA' curves in liquid He (dipstick) and
membrane vacuum (dewar)

VII. RF CIRCUIT SIMULATIONS

Compared to the standard designs, where the devices are on top of a 25 jtm thick
crystalline quartz substrate and face the horn antenna, the "flip-chip" devices are on the
backside of a 2 vtm membrane with a dielectric constant of 7.5 and face the backshort
section of the waveguide. Simulations with CST MicroWaveStudio [6] show that
sufficiently good coupling to the waveguide is still achievable (Fig. 4). Further
optimization to reduce the inductive component and increasing the bandwidth appears
to be feasible.
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Fig. 4 S11 Smith Chart simulating the bolometer source impedance of a waveguide mixer for the 1.5
THz to 2.0 THz GREAT band.

VIII. CONCLUSIONS

Hot Electron Bolometers have been fabricated on freestanding silicon nitride
membrane strips with DC device characteristics very similar to bolometers fabricated on
quartz substrates. A modified flip-chip process is used to bond the devices to a
separately fabricated silicon frame. The Si 3N4 membranes with a thickness of 2 m can
be safely gripped and positioned with the KOSMA Micro Assembly Station. The "flip-
chip" process shows a similar yield as our standard wire bonding and none of the "flip-
chip" bonded devices lost its contact at 4.2 K.

Ix. OUTLOOK

The 800 GHz design is a proof of concept for the mixers at 1.5 to 2.0 THz we are
developing for SOFIA. Although the conventional copper "stamped backshort"
waveguide mixer can still be fabricated at least at low Terahertz frequencies, we are
working on novel methods to fabricate the waveguide mounts and the horn antennas
with the help of micro-stereo lithography [7] and electroforming. These methods would
allow scaling of the mixer designs to several Terahertz.
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Abstract

A calorimetric power meter is now commercially available having sensitivity and stability
sufficient to measure a power level well below 1 1.1W. The Erickson model PM1B sensor
has an input in WR10 waveguide, with a very well matched termination. The frequency
response is believed to be fiat throughout the submillimeter wave region. The response
time of the sensor is 7 sec, but this time can be reduced through the use of thermal
feedback, at the price of higher noise. An effective time constant of I sec is achieved with
0.15 t.tW rms noise, and 0.25 sec with 1 .1,\V noise. The maximum input power is 200 mW,
making the instrument useful with a wide variety of sources. The sensor head is quite
small, yet well insulated from its environment.

Introduction

Calorimeters have long been used to measure power over extremely wide frequency
bands. The method is very simple, just measuring the temperature rise of a well-matched
vvideband absorber in response to applied power. In principle, this technique is easily
calibrated because the same absorber can be heated using a known amount of power
applied through other means. In practice, the difficulty is in making a sensor with a fast
response time and uniform load temperature, while maintaining acceptable sensitivity. It is
important in this calibration that the reference heat produce the same response as the
microwave power. In addition, drift due to ambient temperature variations is very difficult
to control. The usual technique to reduce drift is to use a matched pair of sensors having
nearly identical thermal environments, and to use one as the measurement sensor and the
other as a reference. So long as the sensors are identical, they show no response to ambient
temperature variations, but this requires extreme care in their fabrication.

In the simplest situation, the response time, 'T, of the sensor is determined by the
heat capacity of the sensor load, C, and the thermal resistance to thermal ground, p:

while the temperature rise AT is given by:

AT = p x P, where P is the absorbed power.

Since a large AT response is desired, p must be made fairly large, and the only way a fast
response can then be achieved is by making the heat capacity (and thus the mass) of the
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sensor as small as possible. However, a practical sensor can not be made arbitrarily small.
A sensor must be large enough to be an efficient absorber with no frequency resonances.
In practice this means that a slowly tapered load is required, and the load material must be
thick enough that no power can pass through it. In addition the load must include a
temperature sensor and a heater resistor for calibration.

This paper describes an improved calorimeter which has been designed to measure
power levels below 1 laW with an acceptable time constant and with accuracy and
reproducibility of —2-3%. It is similar in many ways to the unit in [1] (which in turn uses
concepts from earlier work [2,3,4]), but the improvements lead to nearly an order of
magnitude increase in sensitivity, with faster response. This power meter is now available
commercially as the Erickson Instruments PM 1B.

Figure 1. Complete PM1B. The sensor head is 5 cm square.

Calorimeter sensor construction

The geometry of the sensor used in this work is shown in figure 2. The input was
chosen to be WR10 waveguide so that cross calibration could be done against other
waveguide sensors, while being small enough to keep the heat capacity low. It is quite
practical to couple from this waveguide into any smaller size using linear tapers. While
many submillimeter sources are optically coupled, nearly all use waveguide internally, and
are easily coupled back into waveguide using just a feedhorn. An unconventional
waveguide termination geometry was chosen which places the load entirely on the outside
of the waveguide, where it is easy to attach the thermometer and heater. The load itself is a
rectangular slab of silicon with a thickness of 0.4 mm, having a I 00/ metal film on the
inside. This load has very low mass and high thermal conductivity. The waveguide is
cutoff at an angle of I 0° to produce a VSWR better than 1.15:1 within the WRI 0 band.
The expected VSWR at much higher frequencies (at least 2 THz) is comparable. All of the
edges of the wafer are coated with conductive epoxy to eliminate loss of power, and the
absorber is carefully sealed to the waveguide without any gaps where power can be lost.
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Figure 2. Diagram of the power sensor head, showing the waveguide loads, heaters
and temperature sensors.

The waveguide is a low thermal conductivity Ni alloy having a thickness of 0.07
mm and a gold plated interior. The waveguide must be very thin so that it has sufficient
thermal resistance in a short length, and so that its heat capacity is small. In this sensor the
waveguide contributes —1/3 of the total heat capacity of the load. The time constant of this
sensor is 7 sec with a responsivity of —180K/W. While this is faster than typical
calorimeters, even faster response may be achieved as described in the next section,.

The temperature sensors used must be very linear if the sensor is to work over a
wide power range, and they also must have very low drift and noise. Thin film Pt
resistance sensors (RTD's) have been found to be stable to <0.01 mK, with noise
determined by the readout electronics. At an RTD bias of 0.5 V, the noise of the
preamplifier is equivalent to —.02 p,W rms, and is less than typical drift levels. The bias
resistors can add a very large amount of noise and the exact manufacturing process used
seems to make a difference. Thin metal film resistors are best but some of these are still
noisy, while the best add no detectable noise. Noise becomes quite important with the
feedback circuit described later.

Drift in thermal sensors comes from two sources. In analogy with differential
amplifiers, inputs can be considered common mode if a thermal influence is applied to both
temperature sensors, and differential if it applies to one only. Common mode drift, as is
caused by ambient temperature fluctuations, occurs because the sensors do not have
matched response. The sensors show a linearity error of up to 3x10 -3 which is equivalent
to a common mode drift of 15 IJW/K. The match of the sensors is trimmed with external
resistors to bring this drift to a level —2 pCW/K (ambient), which leads to much improved
stability for the sensor.

Differential drift due to external temperature fluctuations is a more difficult
problem. The sensor response of 0.22 ml<4.1W means that differential influences must be
very highly attenuated to measure power below 1 p,W. The sensor's differential response is
greatly reduced by connecting the waveguides together with copper plates at three points.
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Any differential heat leaking in along the waveguides is short circuited at these points, and
the mass of the last plate leads to a very slow propagation of this (mostly common mode)
heat to the sensors. In the earlier sensors, the separation between waveguides was 10 mm,
which has now been reduced to 5 mm. This helps considerably to reduce differential heat
input. The total waveguide length to the load is 24 mm. Most of the length is used for
thermal isolation and only 3 mm is used for power measurement. The sensors are isolated
from differential heating from other directions by enclosing them in a metal shell, so that
any external influence is nearly entirely common mode.

One subtle source of drift is heat generated in the temperature sensors due to the
current used to measure their resistance. Convection currents from one load to the other
cause drift which depends on the orientation of the sensors. This problem is potentially
more serious as the sensors are moved closer together to reduce differential drifts, To
eliminate this effect the sensors are thermally isolated from each other by filling the shell
with a silica powder insulator, which almost completely blocks convection, and also has
extremely low conduction. This same insulator fills the sensor housing surrounding the
metal shell.

Feedback circuit for faster response

Improvement in the speed of response can be obtained electronically with the
readout circuit. While in principle the readout response can be tuned to give an apparent
increase in sensor speed, in practice this results in overshoot of the measured power, and
very unpredictable responses while tuning. An alternative method is to use the readout
circuit to maintain a nearly constant temperature for the load. This can be done by biasing
the temperature of the loads (both sensor and reference) to a point somewhat above that
which would be produced by the highest power that is to be measured. As RF power is
applied, the heater power is reduced to maintain a constant temperature. Rather than
measuring temperature rise, one then measures the change in heater power. If the feedback
circuit maintaining the temperature has a gain, G, then the change in temperature for a
given RF power is reduced by a factor of G, and the response time is decreased by the same
factor. There is no problem in this case with spurious behavior in the indicated power, no
matter how the RF power is varied, and arbitrarily fast response may in principle be
obtained. However there are practical limits to speed because the sensor noise, for
frequencies > lfrr, is increased by a factor of G, and also because the response can not be
faster than the thermal equilibrium time within the load element (due to the thermal
resistance between the heater and the thermometer). For the load used in these sensors, a
gain of 30 is about as high as is practical, giving a predicted time constant of 0.25 sec. At
this gain there is an overshoot in response to a power impulse of 1-2%. This gain leads to
an rms noise level of —1 pW and is only practical on the higher scales. At lower power
levels the gain is reduced for lowest noise and highest stability.

A block diagram of the readout electronics is shown in Fig 3. The sensor uses a
bridge circuit to measure the temperature imbalance of the two waveguide loads, with AC
excitation of the bridge to minimize drift in the following amplifier. The AC imbalance
signal is amplified and then synchronously detected to minimize noise. The reference
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sensor is always heated with a power 5-10% above full scale input. A feedback circuit
amplifies this error and heats the active sensor to approximately the same temperature as
the reference. The feedback circuit is somewhat complicated because the error voltage
from a linear temperature sensor applied to a heater resistor produces a feedback
proportional to the error squared. Such a nonlinear loop response is difficult to
compensate. To simplify the loop response and to provide a linear readout, an analog
square root IC is included within the loop. These IC's (at the highest level of performance)
are sufficiently accurate that their response has no measurable affect on the overall linearity
of response. The feedback voltage (prior to the square root) is linear with input power,
being largest with no input and decreasing to nearly zero at full scale input. After
subtracting an offset this voltage is used for power indication.

(DSinewave Oscillator

Figure 3. Block diagram of the readout electronics with feedback to increase the
response speed.

The stability of this type of sensor depends critically on maintaining a constant heat
path to thermal ground for both waveguide loads. Since the bias temperature is greater
than full scale power, any variation in the thermal path will cause a significant zero drift.
For this reason, it is necessary to change the bias heat when changing measurement scales
so that the drift will be only a fraction of each full scale reading. Changing scales requires
changing several gains and offsets in the electronics.

Performance

The meter has four ranges, 200 mW, 20 mW, 2.0 mW and 200 ..1,VV FS, using a 41/2
digit panel meter. The maximum power level of 200 mW is limited mainly by concerns for
the sensor stability if operated continuously at higher temperatures, as is necessary due to
the bias heat used. At the bias point, the sensor temperature is —60 C. Table 1 shows the
properties of the meter on the four ranges. Measurements typically require three time
constants for a response to within 95% of the true input power, but the true sensor response
is not a simple exponential due to multiple heat paths to ground with various intermediate
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masses. The minimum readout noise is ±I in the last digit of the meter, and this must be
added to the rms noise of the electronics from the last column.

Scale 95% response ruts noise

200 ii,W none 7 sec 20 sec —.02 p.W
2.0 mW 5 0.9 sec 4 sec —.15 p:W
20 mW 30 0.25 sec 0.75 sec J -1 .,tNV

200 mW 30 0.25 sec 0.75 sec —0

Table 1

The 200 iW scale operates open loop for best stability, and has a drift level below
0.1 1.1W during a typical measurement interval, if the sensor is not thermally disturbed.
However, most measurements introduce a differential thermal disturbance, and the drift
becomes —0.5-1.0 p.W typically. This can be reduced if the sensor remains connected to
the source for a time so that the transient dies out Wrapping the sensor head in insulating
foam significantly reduces drift. In one measurement, a power level of 0.2 p,W at 1.5 THz
was measured with confidence in a set-up where the source could be turned on and off
without disturbing the sensor.

The large change in bias heat when changing scales leads to the only obvious
difference in use between this meter and a more conventional power sensor. Upon
changing scales, there is a large thermal transient that must die away before the sensor is
stable once more. This stabilization time depends on the inherent time constant of the
sensor element, and when switching scales to a lower power, at least five minutes are
required for stabilization. This problem would be less if the two loads were perfectly
matched so that they both settle at the same rate. When switching scales upward in power
the settling time is quite short.

For some purposes, as when measuring the power from cryogenic components, it is
useful to place the sensor in a vacuum to avoid the loss and calibration errors introduced by
a vacuum window. This sensor works in vacuum (if the sensor case is provided with vent
holes) with some minor changes in its properties. The open loop sensitivity increases by
30% (for the 200 1..IW scale), but on the higher ranges this error is reduced by feedback.
Thus the sensitivity increase on the 2 niVv7 scale is only 5%, and on the 20 and 200 mW
scales only 1%. The exact changes can be measured in real time with the internal
calibration. There is a change in the zero by —70 mW, but otherwise operation is normal.

Accuracy

It is extremely hard to check the accuracy of a sensor such as this given the lack of
power standards. In the case where the input loss is negligible, all of the power must
appear as heat in the load, and this heat can be calibrated by heating the load with a known
power. There is some uncertainty in this case because the load is not isothermal. The
temperature gradient over the full length of the silicon load is —15% of that within the
waveguide. This can be largely resolved by placing the calibration heater in the same area
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where most of the heat is expected to be dissipated. At lower frequencies the loss is
primarily near the extreme end of the load (where the waveguide height becomes very
low), and so the calibration heater is placed at this point, At very high frequencies the
mode distribution may change this somewhat, but still the power tends to be dissipated in
the same region. The uncertainty in the exact temperature distribution contributes an error
of —2% in power.

Calibration of waveguide loss is fairly simple in principle. The effective waveguide
loss length is the full distance from the input to the last copper plate, plus half the distance
from this point to the load. Assuming the waveguide loss is uniform over its length, and
that the loss for all modes is not very large, this loss may be measured by inserting a piece
of identical waveguide in front of the sensor and measuring the change in power. Standard
coin silver waveguide has only slightly less loss than the plated waveguide used in the
sensor and so a somewhat longer piece (-3 cm) may be used to measure this correction. In
practice, the inaccuracy in the use of a calorimeter of this type is dominated by the much
more uncertain loss in the tapers used to transition into WR10 waveguide. Within the 75-
11 0 GHz band the input loss is small enough to introduce an uncertainty of only 1-2%. At
300-500 GHz the loss of a taper is —1 dB, so the uncertainty is still acceptable. In direct
comparisons of all meters with each other, relative errors never exceed 3%, in the test
frequency range of 100-150 GHz.

Conclusion

A new ultra-broadband power meter with accuracy of —3% has very high
sensitivity, and a moderately fast response time The sensitivity of under 1 IJAV is the
highest ever achieved with a well calibrated thermal sensor. The unit is quite stable under
typical ambient temperature variations, and is small enough to be used like a conventional
microwave power sensor. The input is in WR10 waveguide but signals at any frequency
above 70 GHz may be measured with appropriate tapers. Accuracy is expected to be good
to >2 THz, and measurements may be made even in the visible.
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Abstract: This paper presents a first study of the focalisation of the new 40m.

radiotelescope of Centro AstronOmico de Yebes (Spain) which may operate at S, X, K

and millimetre bands with a multiband feed system with minor mechanical changes

on a classical Cassegrain type radiotelescope. The geometry of this Cassegrain

antenna radiotelescope consists of a 40m paraboloidal main reflector with f/D=7.915.

I. INTRODUCTION

In radioastronomy there are several scientific observation bands of interest, from 2

GHz up to higher than 300 GHz [1], [2]. It is necessary an individualized study of the

problem for each observation band [1], [3], in order to design the feeds and the focalization

elements such as lenses and conical or plane mirrors [1], [2], [3], [4], [5].This paper is

related with the necessity of the focalization of the new 40 m Nasmyth-Cassegrain

radiotelescope of the Centro AstronOmico de Yebes in Spain with F/D ratio of 7.9 [6]. Our

aim is to cover several bands from 120 GHz to 2 GlIz. There is a dimension constraint in

the receiver cabin for the situation of all the receivers, so it is suitable to share the

maximum number of focalization elements for each observation band. In this paper it is

verified, such as an example of the method, a possible solution to share an ellipsoidal

mirror in three observations bands behind the Nasmyth M3 & M4 mirrors. In Figure I the
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receiver cabin and the physical dimension available for the situation of the receivers and

their focalization elements are represented [6] It can be seen that the cabin presents two

Nasmyth asymmetric sections centered on M4 and M4' mirrors optical axis, that can be

selected by means of Nasmyth mirror M3.

Figure 1: Radiotelescope receiver cabin.

11. FOCALIZATION PROBLEM

To deal with the focalization problem of the different radiotelescope bands, the

quasi optics theory (Q0) is used in this paper [1], [7], [8], [9], [10]. In order to achieve the

proper focalization of the radiotelescope two fundamental requirements are necessary: the

first one is that the subreflector (and so the main reflector) has a suitable taper (illumination

level in the edge), of 12 dB taper for an optimum aperture efficiency. The second

requirement is to exist a perfect focalization, in terms of geometry optics (GO) [3], that

feeders are situated in the system foci. In many observatories it is common to make

independent focalization systems for each band, only sharing some plane mirrors to redirect

the beams [11], [12], [13]. However, in this paper, a novel design procedure is proposed to

focalize simultaneously several frequency bands with the minimum possible optic elements

[11], [12], [13]. Moreover it has been applied to design Yebes focalization system at 42-48

GHz, 70-90 GHz and 92-120 GHz bands. This solution has a double improvements: a
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reduction of the number of focalization elements and the total cost of manufacturing and a

reduction of the density of optical elements on the receiver cabin allowing more free space

for technical maintenance [l], [6] without reducing antenna performance.

Gaussian Beam analysis has been employed to study the behaviour of the fields

reflected and subtended in the receiving cabin of the radiotelescope. Different solutions and

combinations of ellipsoidal, hyperboloidal, paraboloidal and lenses are used to place the

receivers in the limited size of the cabin. First, the main parameters of the fundamental

Gaussian Beam Mode are calculated according to the desired horn in each band. Those non

optimal solutions because of the sizes of the different focusing elements and the sizes of the

feed horns are neglected. By doing so, with the optimal solutions for each band presented in

this paper, it has been extensively employed to calculate the electromagnetic behaviour of

the fields in the receiving cabin a study of the propagation of the higher order modes.

IL ANALYZED OPTICS

Defocused gaussian beam telescope geometry and its tolerance with the changes in

the values of their lenses and focalisation distances are analysed. The gaussian beam

telescope is very useful in systems that must operate over broad bandwidths. This device

has particularly functional properties in Cassegrain radiotelescope focalisation systems. A

pair of focusing elements separated by the sum of their focal lengths is called a gaussian

beam telescope [1], [6]. This device has particularly useful properties in radiotelescope

focalisation systems that must operate over broad bandwidths. Systems with such a

structure are frequency independent. One of the best approaches to study the properties of

this geometry, is the Quasi-Optical (QO) theory, which is explained in [1], [6] [9].

However, this frequency independence has several limitations if some quasi-optical

parameters are analysed. If a corrugated horn is used as the feed, some dependence of the

beam waist with frequency is expected. If it is desired to focalise an observation Cassegrain

radiotelescope band [1], [6] with this kind of horn and with the gaussian beam telescope

structure in a wide margin, it is necessary to defocus the geometry to achieve the right taper

(edge illumination level in the subreflector and therefore in the main reflector) and focalise
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the beam in the subreflector. In terms of QO, to achieve the right beam radius (w) and the

radius of curvature (R) in the subreflector.

This paper deals with the necessity of focalising the new 40 m Cassegrain

radiotelescope of the Centro AstronOmico de Yebes in Spain. The F/D ratio of this

radiotelescope has a value of 7.9 and there will be nine receivers from 10 GHz to 120 GHz

bands, including also VLI3I measurements in SIX bands. Making use of QO theory, this

paper studies the behaviour of the radiotelescope in one observation central frequency (90

GHz) with the defocused gaussian beam telescope configuration geometry. Tolerance

results with displacements of the separation distances among the optical elements and with

variations in the focal distances of the lenses are considered.

The 90 GHz central frequency is selected to expose some tolerance results of the

defocused gaussian beam telescope. The geometry and the parameters notation is shown in

Figure 2. The selected feedhom is a corrugated one In terms of QO, it is possible to define

the theoretical main dimensions of this horn knowing the beam waist of the quasi optical

beam that it must generate [13] and the phase error over the horn aperture plane. One way

to do that involves the use of three parameters. Two of them are related to the Cassegrain

radiotelescope and to the beam that has to illuminate it the F/D ratio and the taper at the

angle defined by this F/D ratio. The third parameter is the phase error over the horn

aperture plane.

fi

Figure 2: Defocused gaussian beam telescope geometty.

In this paper a F/D ratio of 1.5, a 12 dB taper and a phase error aperture of 0.24 are

used With these characteristics the physical implementation of the horn is guaranteed. The

theoretical horn radius and slant length are equal to 6.85 mm and 29.37 mm, respectively.
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This horn produces a beam waist of 174 mm, which is entirely inside of the paraxial

approximation. To show the functional properties of the defocused gaussian beam

telescope, the band from 70 to 110 GHz is studied.

The geometry formed by horn + ideal lens + ideal lens is used, but without

preserving the values of the distances between the optical elements which would form the

focused gaussian beam telescope. Some restrictions are imposed to the focalisation problem

due to the design requirements of the Yebes radiotelescope. For a subreflector radius

(
R

subreflector) Of 1640 mm and an edge taper (T) of 12 dB, it follows:

20
W 

subreflector subreflec or

T ln(10)
(1)

Therefore the beam radius in the subreflector must take a value of 1395.3 mm. If the

focalisation of the system is also required, the radius of curvature must be equal to the

distance of the Cassegrain focus, f; 25396 mm in the radioastronornical observation band.

Furthermore other important requirement has been included in the synthesis of the gaussian

beam telescope. As the feed system will be a part of a radioastronomical receiver, a low

noise level is essential. Noise level can be reduced cooling the optical system inside a

cryostat. Only the horn and the first lens can be cooled due to physical considerations. In

order to achieve that, several restrictions on the dimensions of the intermediate beam waist

on the cryostat window are introduced. As the diameter of the cryostat window is 140 mm,

the intermediate beam waist should be smaller than 35 mm. Finally, the beams in all the

band are truncated to a 4w diameter [6], [9], so an accurate analysis in terms of QO theory

is again guaranteed. The percentage error allowed to the beam radius and to the radius of

curvature in the subreflector in all the band is 1% and 0.05%, respectively.

III. RESULTS

Quasioptical theory has been applied to design a defocused gaussian beam

telescope. Geometry is optimised using the conjugate gradient method to achieve all the

requirements exposed. Results are presented in Figure 3 - Figure 14. The optimal value of

the parameters are d1=79.57 mm, d2=86.56 mm, d3=268 00 mm, fl —86.08 mm and
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f2=908.66 mm. Taper in all the band is between 12.25 and 12.3 dB, and defocusing is ±3k,

which are entirely suitable for Cassegrain systems. The two lenses are perfectly feasible

[1], [9]. A tolerance study on the different physical dimensions of the gaussian beam

telescope has been done. The aim of this study is to simulate the effects of little

displacements between the components and errors on the manufacture of the lenses. The

allowed tolerance is 5 mm for each physical dimensions. It has been found that the critical

parameters for a designed system are the focal distance of the first lens and the distance

between this lens and the aperture of the horn. in Figure 5 - Figure 6, little variations of fl,

due to contraction of the dielectric material of the lens inside the cryostat, for example,

imply a strong variation of the beam radius on the subreflector. The radius of curvature

varies too, but no so rapidly. Defocusing presented in radius of curvature figures, have two

limits, one for -±32 and other for ±10k, which is still completely suitable in Cassegrain

radiotelescopes with high F/D ratio. The same considerations can be applied to the

tolerance study for dl, as it is shown in Figure 9 - Figure 10. Finally, tolerance study on

d2, d3 and f2, shows that both, beam radius and radius of curvature, are more robust with

little variations of the parameters.

Iv. CONCLUSIONS

Defocused gaussian beam telescope has been analysed with Quasi-optics theory.

Variation tolerance in all the parameters of the geometry has been presented in several

figures for the central band observation frequency of 90 GHz. Allowing a 'minimum

percentage error of beam radius and radius of curvature over the subreflector, it is possible

to achieve a right focalisation in a wide band with the defocused gaussian beam telescope

geometry, which is demonstrated by the large band study realised from 70 to 110 GHz

centred in 90 GHz. From the figures presented it follows that the radius of curvature

tolerates the changes in the value of the telescope parameters better than the beam radius

does. Therefore, the defocused gaussian beam telescope is more robust in focalisation than

in taper (illumination) when there are variations in the geometry parameters.
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Figure 3: Beam radius in the observation

band for optimised parameters

Figure 4: Radius of curvature in the

observation band for optimised parameters.

Figure 5: Beam radius for upper and lower

frequencies of the band in function of the

variation off]. fl0 is the optimised

parameter.

Figure 6: Radius of curvature for upper and

lower frequencies of the band in function of

the variation offL fl 0 is the optimised

parameter.
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Figure 7: Beam radius for upper and lower Figure 8: Radius of curvature for upper

frequencies of the band in fiinction of the

	

	 and lower frequencies of the band in

variation off2. 120 is the optimised parameter.  function of the variation of f2J20 is the

optimised parameter.

Figure 9: Beam radius for upper and lower

frequencies of the band in function of the

variation of dl d10 is the optimised

parameter.

Figure 10: Radius of curvature for upper

and lower frequencies of the band in

function of the variation of dl d10 is the

optimised parameter.
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Figure 11 Beam radius for upper and lower  Figure 12: Radius of curvature fi9r upper

frequencies of the band in function of the and lower frequencies of the band in

variation of d2. d20 is the optimised function of the variation of d2. d20 is the

parameter. optimised parameter.

Figure 13: Beam radius for upper and lower Figure 14: Radius of curvature for upper

frequencies of the band in function of the and lower frequencies of the band in

variation of d3. d30 is the optimised function of the variation of d3. d30 is the

parameter. optimised parameter.
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NbN FILM DEVELOPMENT FOR PHONON-COOLED HEB DEVICES

E. Gerecht, A. K. Bhupathiraju, and E. N. Grossman

National Institute of Standards and Technology
Boulder, CO 80305
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ABSTRACT- Superconducting Hot-electron Bolometric (HE.B) mixers employing thin

films ofNbN have become the devices of choice for heterodyne detection at tera,hertz frequen-

cies. HEB mixers are inherently insensitive to the bandgap frequency of the superconducting

material used in the device, in contrast to SIS mixers,. We have developed a fabrication pro-

cess for thin NbN films at the National Institute of Standards and Technology in Boulder, CO.

A two-fold approach can be taken. The first is to maximize the critical temperature of the

superconducting device by growing thicker films at the expense of IF bandwidth, whereas the

second approach focuses on maximizing the IF bandwidth at the expense of the critical tem-

perature. So far, we have developed a film-deposition process utilizing our DC reactive mag-

netron sputtering chamber. By current-biasing the RF plasma in a mixture of Ar and N2, while

using a Nb target, we can control the film stoichiometry and produce films with thicknesses of

5 nm. The films are deposited on MgO substrates that are heated to about 800 °C during depo-

sition. A typical critical temperature (TO is about 10 K and the transition width is very small

(0.5 K). The films are evaluated by measuring their superconducting characteristics as well as

their thickness and surface roughness by means of AFM analysis.

Phonon-cooled HEB devices are fabricated from the films to study their performance as

HEB mixers. The device fabrication process at UMass/Amherst involves lift-off lithography

of the antenna (gold), and Reactive ion etching (R1E) or wet etching of the NbN. The I-V char-

acteristics and noise temperatures of the devices were measured in order to determine their

quality for PHEB applications.

* Publication of the National Institute of Standards and Technology, not subject to copyright.
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I. INTRODUCTION

Heterodyne detection is the most sensitive spectroscopic technique over a broad fre-

quency range that produces high spectral resolution in the THz region. A technological chal-

lenge is therefore to develop heterodyne receivers with the best possible sensitivity and band-

width that are still compatible with such constraints as operating temperature and power avail-

able from existing local-oscillator (LO) sources. Hot-electron bolometric (HEB) detectors,

with a thin film superconductor (NbN) as the active medium, have been under development

for the last decade. NbN HEB detectors have demonstrated an increase in sensitivity of an or-

der of magnitude and a decrease in LO power requirement by three orders of magnitude in the

last few years. FIG .1 shows a survey of the noise temperature as a function of frequency for

different types of detectors operating in the terahertz regime. A two fold approach can be taken

for the development of I-IEB technology. The first is to maximize the critical temperature of

the superconducting device by growing thicker films at the expense of IF bandwidth, whereas

the second approach focuses on maximizing the IF bandwidth at the expense of the critical

temperature. Here, we concentrate first on maximizing the critical temperature at the expense

of the bandwidth. To conduct the investigation, we have developed a film-deposition process

utilizing our dc reactive magnetron sputtering chamber. Then, PHEB devices were fabricated

from the films. Preliminary results of the noise temperature measurements are presented.

FIG. 1. Noise temperatures vs. frequency for receivers in the terahertz regime 11461.
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IL FILM AND DEVICE FABRICATION

NbN Films

NbN thin films were prepared by reactive sputtering from a Nb target in a nitrogen/argon

atmosphere. The deposition chamber is cryopumped and achieves a base pressure of 1.5 x 10-5

Pa. Total pressure is controlled with a variable throttle valve on the cryopump and is measured

with a capacitance manometer. UHP grade argon and zero-grade nitrogen are introduced into

the chamber and their flow is controlled by needle valves. The partial pressure of nitrogen is

determined simply by subtracting the initial Ar pressure from the total pressure of the mixture.

The 75 mm diameter Nb sputtering target was specified to have a purity of 99.95%. The sam-

ple-to-target distance in our system is 10 cm. Crystalline MgO substrates, with (100) orienta-

tion, are cleaned in ambient temperature HF, followed by rinsing in organic solvents with ul-

trasonic agitation. The substrate was glued to a vacuum compatible heater block with silver

paint and baked under a radiant heater for an hour prior to mounting in the deposition chamber.

The deposition sequence starts with cleaning ofthe target by sputtering Nb onto a dummy

sample in an atmosphere of pure Ar, typically for five minutes. In the next step nitrogen is

added and pre-sputtering continues for another five minutes, while equilibrium is reached

with regard to the nitrogen content at the target surface.

As discussed at length in the literature [7], a feedback mechanism exists in the magnetron

plasma during reactive sputtering of NbN. When the plasma is voltage or power biased, the

feedback is positive, leading the target surface to be either completely covered with nitride or

completely free of nitride. The plasma current-voltage (T-V) characteristic in this condition is

hysteretic, and control of the stoichiometry of sputtered films is problematic. The films come

out either nitrogen or niobium-rich, depending on the state of the target surface. However,

under current bias the feedback is negative and the plasma I-V curve is single-valued, though

it includes a region of negative differential resistance. Therefore, all NbN films described in

this paper were grown with the plasma current-biased. FIG.2 shows the I-V curves for differ-

ent pressures and gas compositions for our sputtering chamber.

While pre-sputtering, the MgO substrate was heated to 800°C and actively stabilized at

that temperature. Substrate temperature was monitored by a thermocouple embedded in the

body of the heater block. Experience with identical beater blocks used for high-temperature

laser ablation of YBCO films indicates that a significant temperature gradient (probably 20 to

50 °C) exists between the thermocouple and the surface of the substrate. Once the films were
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FIG. 2. I-V characteristics of the sputtering plasma.

deposited, the sample was cooled to ambient temperature in 1 atmosphere nitrogen back-

ground pressure.

Our highest critical temperature samples (T c=11.2 K, K) were obtained in a 15%

N2, 85% Ar mixture, at 1.33 Pa total pressure, an applied current of1.2 A, and resulting voltage

of about 275 V. Film thickness is measured with a commercial atomic force microscope

(AFM). Typical deposition rates are around 0.25 nm/s. For the series of samples described

here, a constant film thickness of 5 nm was desired. Accordingly, the deposition time for each

film was adjusted under the assumption that deposition rate is proportional to power. Two op-

timization studies for maximizing critical temperature as a function of the plasma current and

substrate temperature are shown in FIG.3.

Quasi-optical Design

The next step is to evaluate the films by fabricating Phonon-cooled HEB mixer devices,

and to measure the noise temperature and IF bandwidth of these devices. A quasi-optical cou-

pling design was used to couple the THz radiation into the device. A twin-slot antenna was

photo-etched in a 200 nm gold layer that had been e-beam evaporated over the NbN film. Af-
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FIG.3. Optimizations of critical temperature as a function of substrate temperature and
plasma current

ter the gold layer was lifted off, the NbN film was wet-etched to define  a HEB device with

length of 1gm and width of 4 gm. The antenna response is centered at 1.5 THz, with a band-

width of 1 THz to 1.9 THz. FIGA shows a photograph of the HEB device at the terminals of a

twin-slot antenna. Following device fabrication an elliptical Si lens was affixed to the back-

side ofthe substrate. The lens was positioned using lines which had been accurately scribed on

the lens side of the substrate and then affixed with purified bee's wax. The lens/substrate as-

sembly was inserted into a mixer block, which also served as a bias tee. A three-section filter

prevents THz radiation from escaping out the IF port. Four devices were fabricated, and one of

these was tested successfully.

III. EXPERIMENTAL SETUP

The integrated antenna/HEB device and lens are attached to a copper post, which is ther-

mally anchored at the other end to the liquid helium reservoir of a commercial dewar. The an-

tenna is connected to the IF and bias system via a semirigid coax line. A cooled HEMT ampli-

fier is also used inside the dewar. This IF amplifier has a pass band from 1000 to 2000 MHz

with a noise temperature of about 5 K. The receiver noise temperature is measured with a CO2

laser pumped FIR gas laser as the LO source. Mylar beam splitters with a thickness of 6 gm act
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(a) (b)

FIG.4. (a) a quasi-optical design illustration; (b) a photograph of the tvvin-slot antenna. The
PHEB device in the center is too small to be seen.

as diplexer between the LO and a chopped hot/cold noise source. The LO radiation is focused

by a TPX lens.

IV. _RESULTS AND DISCUSSION

The measured I-V curves are shown in FIG. 5. The top (black) curve was measured with

no LO power applied, whereas the remaining curves were measured with different amounts of

LO power applied at a wavelength of 184 gm (1.63 THz). The total receiver noise tempera-

ture, including the 6 gm thick mylar beam splitter, was about 6,000 K. The antenna and the

lens were not optimally aligned in this preliminary experiment; therefore, we expect lower

noise temperatures in future experiments. We base this on the excellent I-V curves (low criti-

cal current and a large reduction in the current at the resistive stage as shown in FIG. 5), which

are similar to those of earlier devices that UMass/Amherst fabricated, and which had noise

temperatures in the 500-1,000 K range. FIG.6 shows the measured IF frequency response. The

3 dB bandwidth is about 1.3 GHz, which is less than that for optimized films on Mg0. Nar-

rower bandwidths have typically been obtained in other laboratories for the first phase of a

film growth program, so this is not too surprising. The preliminary results we have obtained so

far are thus quite encouraging.
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FIG.5. I-V characteristics of the device: the black curve was taken without LO power, show-
ing the instability characteristics of an HEB device, whereas the blue through red curves

were taken with increasing LO powers
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fly EG-Hzi

FIG.6. Noise temperature as a function of the IF frequency. The ripple in the frequency re-
sponse is attributed to the IF filter circuitry.
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ABSTRACT — Manufacturing of large holograms for compact antenna test ranges can
be facilitated with a modified hologram illumination. The relative quiet-zone size of the
CATR can also be increased, which allows testing of larger telescope antennas with a
fixed-sized hologram. The modified hologram illumination can be realized with a dual
reflector feed system. In this paper, a simple ray tracing based synthesis technique for
designing the dual shaped hyperbolic reflector feed system is described. Simulation
results of a design example at 310 GHz are presented. The required accuracies in the
reflector system assembly are also discussed.

INTRODUCTION

Several satellites carrying scientific instruments and antennas at sub-mm wavelengths
(frequencies above 300 GHz) are scheduled for launch during this decade. The electrical
testing of these telescopes is very demanding or even impossible with existing antenna
measurement facilities. Conventional far-field antenna measurements are not applicable
for large sub-mm wave antennas due to the required long far-field distance and the high
atmospheric attenuations — the very reason for space-borne instruments. Near-field
measurements are one option, but the measurements are very time consuming, as the
required number of field samples is very large for accurate computation of the antenna
radiation pattern. The compact antenna test range (CATR) is seen to be potentially the
best antenna testing method at sub-mm wave frequencies [1].

In a compact antenna test range a collimating element forms the planar wave needed for
antenna testing from a spherical wave radiated by a feed. The region, where the planar
wave exists, is called the quiet-zone (QZ) of the CATR. Typically, the QZ is allowed to
have at maximum 1 dB peak-to-peak ripple in amplitude and 10' in phase.

A set of reflectors, usually two reflectors, is commonly used as a collimating element in
CATRs at microwave and millimeter wave frequencies up to 200 GHz. A binarized
computer-generated amplitude hologram can also be used as a collimating element for a
CATR [2]. The hologram pattern is manufactured by etching slots onto a copper-plated
Mylar film. The hologram is a transmission type planar structure with inherently lower
surface accuracy requirements than the requirements for reflectors. The hologram is
tensioned into a frame to ensure sufficient surface flatness. The realization of a CATR
based on a hologram is significantly more economical at sub-mm wave frequencies than
the corresponding CATR based on reflectors, because the hologram manufacturing is
less costly than manufacturing of large accurate reflector surfaces and only one
hologram is needed for the CATR. An additional advantage is that the hologram is
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lightweight, which allows the disassembly and transportation of the CATR to a different
location. The basic structure of the hologram-based CATR is illustrated in Figure 1 with
an example of the hologram pattern. Absorbers are placed around the CATR to reduce
disturbances from the reflections from surrounding structures.

Figure 1. CATR based on hologram and an example of the hologram pattern

Testing of a large telescope requires a larger hologram than the telescope antenna
aperture. The manufacturing of large sub-mm frequency holograms is the main
challenge in the realization of a large hologram-based CATR. The large hologram
patterns have to be combined from several separately etched hologram pieces that are
soldered together as hologram patters cannot be currently etched on larger films than 1.5
meters by 6.0 meters. These seams cause disturbances to the QZ field. The slots in the
hologram pattern are narrowed towards the hologram edges to realize an amplitude
taper to the hologram aperture, which reduces edge diffraction disturbances to the
desired plane wave. Etching of narrow slots (below 100 gm) is difficult for large
surfaces.

The work described in this paper aims to decrease the size of the hologram needed for
testing a telescope in a CATR with an improved feed system. In addition, the hologram
fabrication is simplified by widening the narrow slots at the hologram pattern edges.
These benefits can be achieved by introducing an amplitude taper with controlled phase
into the hologram illumination. The improved illumination can be realized with a dual
reflector feed system (DRFS). A DRFS design example for a 600 mm hologram
operating at the frequency of 310 GHz is presented.
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MODIFIED HOLOGRAM ILLUMINATION

Hologram manufacturing can be facilitated by modifying the hologram illumination to
have an amplitude taper at the hologram edges. The amplitude taper reduces the need
for narrowing the slots in the hologram pattern at the hologram edges. The resulting
wider slots are easier to etch. One example of suitable incident amplitude in the
hologram aperture is a rotationally symmetric Butterworth-type amplitude distribution
function

E(p)=
( \2N

1 +K I)
k, I30

(1)

where N is the order of the function, p is the radial distance from the hologram center
and po is the radial distance of the edge of the nearly flat part of function. The

amplitude at this edge is determined with the parameter 1C. The achievable relative quiet-
zone size can be increased with the modified illumination. This allows testing of larger
telescopes with a fixed sized hologram. Holograms were designed for two test cases: for
a large quiet-zone size and for more constant slot widths in the hologram pattern. The
simulated quiet-zone for a 600 rim hologram at 310 GHz is shown together with the
slots widths in the hologram pattern in Figures 2 and 3. In case 1 (Figure 2), the
hologram was optimized for a large quiet-zone size. The illumination function used was
(1) with N=3, p c, =300 mm. and K=4.01. The quiet-zone width is increased by 40 % and

the narrowest slots are widened from 37.5 im to 65 gm. In case 2, the hologram slot
widths were chosen to be nearly constant over the hologram pattern, which facilitates
the etching of the hologram pattern. The simulated QZ field amplitude together with
the hologram pattern slot widths is shown in Figure 3. The illumination function (1) was
chosen to have N=5, p o =210 mm and K=1. The slots in the pattern are 280-405 gm
wide with the modified illumination.

Figure 2. Case 1: simulation results for a hologram optimized for large quiet-zone size
compared to a hologram illuminated directly by the feed horn.
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Figure 3. Case 2: simulation results for a hologram with nearly constant slot widths.

SYNTHESIS OF A DUAL REFLECTOR FEED SYSTEM FOR THE CATR

Dual reflector feed system (DRFS) can be used to modify the hologram illumination.
Two reflecting surfaces are needed to control both the illumination amplitude and
phase. The hologram illumination is a shaped beam. The DRFS beam has an amplitude
of a Butterworth-function (1) in the hologram aperture with the phase of a spherical
wave originating from the hologram focus. The DRFS was chosen to have a dual shaped
hyberbolic geometry. The basic structure for a 600 mm hologram is shown in Figure 4.
The hyperbolic reflector surfaces allow a compact structure together with a wide shaped
beam needed for the hologram illumination. The first the subreflector, has concave
shape and the second, the main reflector, is convex. The reflectors are fed with a
corrugated horn.

Hologram

100 200 300 400
x rmml

Figure 4. Schematic of the dual reflector feed system.

The subreflector center is located at the distance of 100 mm from the feed horn and the
separation of the reflector centers is 150 mm. The design of the reflector surfaces is a
dual shaped reflector synthesis problem. Shaped reflectors for shaped beam applications
can be synthesized with several methods. Commercially available synthesis software are
usually intended for satellite antenna applications with contoured beams. As the
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hologram DRFS differs from the common applications, a simple specialized synthesis
method was developed and implemented as MATLAB ®-software. The used method is
based on the method described in [3] with some modifications.

The synthesis of the hologram DRFS is based on ray-tracing, i.e., on geometrical optics
(GO). The advantages of the GO method are that no initial surfaces are needed as in
many diffraction synthesis methods and the method is straightforward and simple. The
high frequency facilitates the use of a simple GO synthesis as the reflectors are
relatively large in wavelengths. The main disadvantage of the method is that it does not
take into account the diffraction effects. The GO synthesis is commonly used as the
starting point for diffraction synthesis optimization in satellite communication antenna
applications.

In geometrical optics, the electromagnetic fields are approximated with rays that
propagate straight between the reflections. The rays in DRFS synthesis procedure were
chosen to contain only the power density (amplitude) and phase information. The power
is considered to propagate in flux tubes bounded by adjacent four rays. The ray path
length determines the phase for each ray. The reflectors are assumed locally planar at
the reflection points and the surface normal at each point is computed with reflection
law (Snell 's law) from the desired ray path.

The ray distribution in the hologram aperture, i.e., flux tubes, determine the illumination
amplitude in the aperture. An even-angled ray distribution in spherical coordinates is
used to describe the feed horn radiation. The ray distribution conesponding to the
desired hologram illumination is solved in polar aperture coordinates from

p202

out = 
P

ill = f

61

where Ei (i ),Ø) is the amplitude of the electric field and C includes all coordinate
independent terms (for example the wave impedance). The electric field power density
gp,0)2 is assumed to be piecewise linear in radial direction for easy solving of p2
from (2) using the conservation of power within the flux tubes. The reflector surfaces
are determined so that they transform the feed horn even-angled ray distribution into the
ray distribution in the hologram aperture, which corresponds to the desired hologram
illumination.

The synthesis procedure starts with the center ray path. This ray goes from the feed
phase center to the sub-reflector center and reflects there to the main reflector center
ending up at the hologram center. The center incident and reflected rays form 900
angles. The surface normal is then computed with reflection law from the incident and
reflected rays. The surface tangent plane is easily determined from the normal vector for
both reflector surfaces. The next ray is launched from the feed phase center towards the
subreflector. The intersection point of this ray and the tangent plane is the next sub-
reflector surface point. The new surface normal is calculated from the direction of
reflected ray for the required ray path. The synthesis proceeds from the reflector centers
towards the edges in counter-clockwise direction. Previously computed surface normal

E(P4)2  podp (2)
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at the closest known point in radial direction towards the reflector center from the
current point is used to determine the local tangent plane at the current point. The main
reflector is determined similarly by launching rays from the hologram focus to the
hologram aperture (reflected rays) and using the rays from the corresponding
subreflector points as incident rays. Finally, the phase of hologram illumination is
corrected to the phase of a spherical wave originating from the feed horn phase center
by moving the main reflector surface point along the ray path from the hologram focus
to the hologram aperture. Additional optimization of the phase may be done with phase
correction obtained from the simulated phase performance of the DRFS.

DESIGN EXAMPLE

The synthesized reflector surfaces for a 600 mm hologram at 310 GHz are shown in
Figures 5 and 6. The hologram illumination function used was (1) with N=5 and
p c, = 210 mm. Simulated quiet-zone field and hologram pattern slot widths are shown in
Figure 3. The direction of the incident radiation is different in Figures 5 and 6 to better
illustrate the reflector surfaces. The subreflector is concave, i.e., the feed horn is below
the surface in Figure 4, and the main reflector is convex with the hologram and the
subreflector above the surface in Figure 5. The dimensions of the shaped reflector
surfaces are approximately 166 mm x 119 mm x 2.7 mm and 122 mm x 83 mm x 4.6
mm for the main reflector and the subreflector, respectively. The edges of the shaped
reflector surfaces are rounded to reduce edge diffraction and flat plates were added to
the reflector surfaces to allow simulation of the surfaces milled out of metal plates.

Figure 5. Subreflector surface (inverted). Figure 6. Main reflector surface.

The applicability of the GO synthesis method for the DRFS design was verified with
simulations of the DRFS radiation. The simulations were done with commercial
reflector antenna analysis software GRASP8W. Physical optics (PO) and physical
theory of diffraction (PTD) were used to compute the DRFS radiation at the hologram
aperture. The focal length of the hologram was 1.8 meters and the near-field radiation of
the dual reflector feed system was computed at the corresponding distance from the
DRFS. The simulated DRFS radiation is presented in Figures 7 and 8 for the horizontal
amplitude cut and for the vertical amplitude cut of the hologram aperture field,
respectively. The objective was the 5th—order Butterworth-illumination. The phase in
the center crosscut of the aperture field compared to the desired ideal spherical wave is
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shown in Figure 9. The simulated cross-polarized field at the hologram center is
presented in Figure 10. Both of these aperture cuts are in the horizontal direction.

-300 -200 -100 0 00 200 300 0 -200 -100 0 100 200 300
x[mm] x [mm]

Figure 7. Amplitude in a horizontal cut. Figure 8. Amplitude in a vertical cut.

Figure 9. Simulated phase in a horizontal cut. Figure 10. Cross-polatiza

The deviation of the simulated DRFS performance from the desired Butterworth-type
illumination is mainly due to edge diffraction. The edge diffraction could be reduced
with further optimization of the DRFS structure and with using lower edge illumination
both in the hologram illumination (edge taper on the main reflector) and in the feed horn
beam (edge taper on the subreflector). The 310 GHz corrugated horn used has a wide
beam, which makes the reflector sizes inconveniently large for lower than —15 dB edge
taper on the subreflector.

Manufacturing and assembling of the dual reflector feed system

Phase and amplitude errors in the incident field on the hologram cause errors to the QZ
field, which are roughly of the same order of magnitude as the errors in the incident
field. Therefore, to satisfy the QZ field quality requirement of 1 dB amplitude and 100
phase ripple (peak-to-peak), the hologram illumination ripples are allowed to be at
maximum half of these. The main DRFS manufacturing related causes for the hologram
illumination deviations from the desired are the accuracy of reflector surface milling
and the potential misalignment of the reflectors.
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Assuming the RNIS-surface error in the milling to be of the order of 2 gm, the RSS-
phase error caused by the two reflections in the reflector system can be estimated to be
about 2'. If the phase errors caused by the misalignment of reflectors and the feed horn
are independent of milling errors, the maximum allowed phase deviation due to the
misalignments is about 4.5° for the total RSS-error of 5° in the hologram illumination.
The total phase deviation caused by the misalignment can be estimated to be

A w
2 A 2 A 2

T misalignment = feed m " (1° sub m (Pmain

Assuming that the deviations caused by the feed horn (AT feed ), the subreflector (A(Psub

and the main reflector ( ) have an equal and independent contribution to the total
phase deviation in the DRFS beam, the allowed phase deviation caused by each of them
is approximately 2.6°. The effect of the reflector (or feed horn) dislocation and
misalignment was studied with GRASP8W simulations. In the simulations, the other
objects were kept at their correct locations and alignment, while the reflector (or horn)
under investigation was moved or rotated. Simulation results for subreflector
displacement in z-direction, i.e., when the subreflector distance from the feed is
changed, are shown in Figures 11 and 12 in horizontal and vertical cuts at the center of
the hologram aperture, respectively. The phase is compared to the beam of the perfectly
aligned DRFS .

10 -

(3)

-10 . - z= +50 urn
1 - • z= +200 urn 

-3CC -200 100 0 1000 200 300
X [MM]

Figure 10. Phase deviation (horizontal cut).

-10

-300 -200 -100 0 100 200 300
[mmi

Figure 11. Phase deviation (vertical cut).

In the simulations with several examples of dislocations and misalignments, an
approximately linear dependence between the amount of the misalignment and the
resulting phase deviation was observed. The amplitude deviations were observed to
correspond with the amount of the phase deviation in the simulation. The maximum
allowed amplitude deviation could have been determined similarly to the phase
deviations that were discussed here. The estimated location and alignment accuracies of
the DRFS assembly are shown in Table 1. The rotation tolerance around the x-axis is
estimated to be about the same as the tolerance of the y-axis rotation.
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Table 1. Estimated accuracies required for the reflector (feed) locations and alignment.

Dislocation
in x-direction

Dislocation in
y-direction

Dislocation
in z-direction

rotation
around
the y-axis

rotation
around
the z-axis

Feed <20 pm <20 gm <100 gm <0.007° <30°
Subreflector <20 ilm <20 pm <100 pm —0.005' -.0.12°
Main reflector <20 gm <20 gm <100 gm <0.007° <0.2°

The required accuracies for the reflector locations and alignment are quite high. Some
of the misalignment effects can be compensated by rotating the whole reflector system
in relation to the hologram, which eases the actual accuracy requirements. Nevertheless,
the alignment of the reflectors is critical for satisfactory DRFS operation. To ensure
sufficient accuracy the reflector system will be manufactured as an integrated system.
The manufacturing and the mechanical design of the DRFS will be done by Thomas
Keating Ltd in England.

Conclusions

The hologram based compact antenna test range can be improved with a dual reflector
feed system. The relative quiet zone size of the hologram CATR can be increased by
modifying the hologram illumination with two shaped hyperbolic reflectors. The
hologram manufacturing is facilitated when the modified illumination is used as very
narrow slots are not needed at the hologram pattern edge. A simple geometrical optics
based synthesis method was developed and implemented as an MATLAB6-software.
The simulated hologram illumination agrees reasonably well with the desired
illumination, which shows that the synthesis method is applicable to the dual reflector
feed system design for the hologram CATR.
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MIXER DEVELOPMENT FOR HIFI BAND 2 (640 — 800 GHz)

C. E. Honingh, M. Justen R. Teipen, T. Tils, K. Jacobs

KOSMA, 1. Physikalisches Institut, Universitat zu Köln
Ziilpicher Strasse 77,50937 KOln, Germany

We present a fixed tuned SIS waveguide mixer for 640-800 GHz. The waveguide
and filter design has been done using 3D EM-Simulation to improve the accuracy of the
design for the required large fractional bandwidth. In this frequency range we use
standard Nb—Al203—Nb SIS junctions with an RNA product of approximately 15 ohm-
!Am

2

 , and areas between 1 gm2 and 0.4 firll
2

. The choice of tuning structure material is
not directly obvious because the frequency range includes the niobium gap frequency at
700 Gliz. Therefore devices with a NbTiN ground plane and as a choice with a niobium
or an aluminum top electrode are used

Current best noise temperatures are 300 K at the lower frequency end of the band
and 450 K at the high end of the band, measured with the prototype HIFI mixer at 4-8
GHz IF frequency, for a device with a niobium top electrode.,

Measurements and analysis of devices with different designs, and both integrated
tuning structure top electrode materials will be presented. The accuracy of the RF mixer
design will be evaluated.
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The HIFI Focal Plane Unit

B.D. Jackson, K.J. Wildeman, and N.D. Whyborn
on behalf of the HIFI Focal Plane Consortium

SRON National Institute for Space Research
Postbus 800, 9700 AV Groningen, The Netherlands

ABSTRACT

The Heterodyne Instrument for the Far-Infrared (RIFT) is a heterodyne spectrometer
being built for the European Space Agency's Herschel Space Observatory, with seven
receiver channels covering the 480-4250 and 1 41 0-191 0 GHz frequency ranges. This
paper provides an overview of the HIFI Focal Plane Unit (FPU) design, with particular
emphasis placed upon an overview of the primary elements in the FPU's signal chain.

1. THE HERSCHEL SPACE OBSERVATORY

The Herschel Space Observatory (see Fig. 1) is a cryogenic space telescope being built
by the European Space Agency to study the universe in the far-infrared and the
submillimetre (60-670 um) [1-3] To fulfil its scientific goals, Herschel will carry three
scientific instruments: two imaging arrays with low-to-medium spectral resolution
(PACS [4] and SPIRE [5]); and a high-resolution heterodyne spectrometer (HIFI) [6,7].
To maximize the sensitivity of these instruments, the Herschel telescope will be
passively cooled to — 80 K, while a superfluid helium bath will cool the satellite's
optical bench and the instruments' detector elements to 10-15 K and < 3 K,
respectively. The instruments warm control electronics, together with the satellite's
command and control system and HTFI's intermediate frequency spectrometers, will be
located 'in the satellite's service module, below the cryostat, while the RIFT local
oscillator unit will be mounted on the side of the cryostat, with the local oscillator
beams injected into the focal plane unit through windows in the cryostat.

Fig. 1 — The Herschel Space Observatory

2. THE HETERODYNE INSTRUMENT FOR THE FAR-INFRARED (HIFI)

The Heterodyne Instrument for the Far-Infrared (HIFI) is a high-sensitivity, single-pixel
heterodyne spectrometer that will be used to study a wide range of objects in the local
solar system, our own galaxy, the interstellar medium, and both nearby and distant
galaxies [6]. The primary characteristics of the HIFI instrument are
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• complete spectral coverage of 480-1250 (with 5 SIS mixer bands) and 1410-
1910 GHz (with 2 HEB mixer bands);

• a spectral resolution of 0.14 to 1 MHz;

• high sensitivity, with TN,rec 4hfil(B;
• a 4 GHz instantaneous band-width in both the upper and lower sidebands;

• dual polarization operation; and

• a calibration accuracy of at least 10% (with a goal of 3%).
As seen in Fig. 2, HIFI has five major sub systems the Local Oscillator Sub-System
(LOSS); the Focal Plane Sub-System (FPSS); the Wide-Band Spectrometer (WBS); the
High-Resolution Spectrometer (I-IRS); and the Instrument Control Unit (ICU).
Within the LO sub-system, a tuneable, spectrally pure 24-36 GHz signal is generated in
the Local Oscillator Source Unit. This signal is then frequency-multiplied to 71-106
GHz, amplified, and further frequency-multiplied to the desired RF frequency in the
Local Oscillator Unit. The result is a spectrally pure LO signal with a tuneable
frequency and power level. Fourteen multiplier chains are used to cover the full HIFI
spectral range, with two chains per Focal Plane mixer channel. The LO beams are fed
into the Focal Plane through 7 windows in the Herschel cryostat.
Inside the Focal Plane Unit (FPU), the incoming astronomical signal is split into 7
beams. Each of these signal beams is optically combined with its corresponding LO
beam, and then split into two linearly polarized beams that are coupled into 2 mixer
units. Each of the mixer units generates an intermediate frequency (IF) signal that is
amplified within the FPU prior to leaving the cryostat.
The IF output signals from the FPU are coupled into two IF spectrometers. The Wide-
Band Spectrometer (WBS) is a four-channel acousto-optical spectrometer that samples
the full 4-8 GHz output of the FPU with 1 MHz resolution, while the High-Resolution
Spectrometer (HRS) is a high-speed digital auto-correlator that samples a narrower
portion of the IF band with a higher resolution.

Herschel
Telescope

Fig. 2 — Block Diagram of the HIFI Instrument
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Each of the 4 HIFI sub-systems includes a warm electronics unit. These four control
units are, in turn, commanded by a single Instrument Control Unit, which also interfaces
with the satellite's on-board command and control system.

I THE HIFI FOCAL PLANE UNIT

The HIFI Focal Plane Sub-System consists of the Focal Plane Unit (the FPU, located on
the Herschel optical bench) and the Focal Plane Control Unit (the FCU, contained in the
satellite's warm service module).
The Focal Plane Unit (see Fig. 3) consists of six major assemblies: the Common Optics
Assembly (COA); the Diplexer Assembly; the Mixer Sub-Assemblies (MSA's, of
which there are 14); the second-stage IF amplifier box; the Focal Plane Chopper; and
the Calibration Source Assembly.
The complexity of the Focal Plane sub-system is demonstrated by the large consortium
of institutes that are contributing to its design, construction, and testing: — 20 groups
from — 14 institutes (see Table 1, on the following page).

3.1 FPU Design Constraints

The design of the Focal Plane Unit is constrained by a number of important design
requirements. In particular, the inputs to the FPIT optical design are

Fig. 3 — The RIFT Focal Plane Unit
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Tablel: The HIFI Focal Plane Sub-System Consortium

Country Institute(s) Responsibilities
The
Netherlands

SRON Management, System Integration and
Testing, System Engineering, FCU,
Mechanisms

SRON, TPD,
MECON

COA, Diplexer Box, MSAs, Calibration
Source

SRON, DIMES Band 3 and 4 Mixers
France LERMA, IRANI Band 1 Mixer
Germany KOSMA Band 2 Mixer

DLR (Berlin) Band 6L Mixer Beam Measurements
USA JT3L/NA SA Band 6H Mixer, IF Amplifier HEMTS

JPL, CalTech Band 5 Mixer
Sweden CTH Band 6L Mixer, Band 1-4 MSA Beam

Measurements, IF Amplifier Design
Spain YEBES First-stage IF Amplifier
Switzerland ETH Second-stage IF Amplifier,

COA and MSA Construction
Ireland NUT Quasi opticalDesign Analysis

• It is assumed that fundamental mode gaussian beams can approximate the
RF beams produced by the mixers, the LOs, and the telescope.

• The Herschel telescope is a Ritchey-Chretien telescope with a 15-m
primary mirror and a 0.31-m secondary. The secondary is 1.6 m in front of
the primary and 2.6 in from the telescope focal plane (yielding a geometrical
F/D ratio of 8.68 for the edge-rays incident on the focal plane).

• The FPU produces seven optical beams (one per channel) that are spatially
separated in the telescope focal plane, resulting in an angular separation of
the optical beams on the sky.

• The telescope secondary is an aperture-stop in the optical system, truncating
each of the HIFI signal beams at —11-dB (independent of frequency).

• The 7 LO beams enter from the back of the focal plane unit. Each beam has
a 7.5 mm waist located — 200-250 mm from the input to the FPU, with the
beams spaced by 50 mm.

• The optical imaging quality of the system should be high (a fundamental
gaussian passing through the system should suffer distortion losses < 1 %).

In addition to the optical interfaces, the mechanical and thermal interfaces to the
spacecraft places the following constraints on the FPU design:

• The total FPU mass is — 46 kg.

• The total FPU volume is 50 x 70 x 40 cm3.
• The average heat-load of the FPU on the cyrostat is — 20 mW on the

instrument's 10 K level, 7 mW at 4 K, and 5 mW at 2 K (during operation).
• The FPU should survive the high vibration levels present during launch.
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Finally, the HIFI model philosophy generates two additional, but related requirements:

• After integration of the FPU, it should be possible to repair or replace
critical components within 1 month (i.e. mixers and mechanisms).

• After integration, it should be possible to upgrade the FPU if ongoing
development yields a significant improvement in mixer sensitivity.

3.2 The Common Optics Assembly

The Common Optics Assembly (COA, see Fig. 4), is the basis of the FPU structure, and
mounts directly on the Herschel optical bench. Its optical design consists of 3 blocks:
the telescope relay optics, the channel-splitting optics, and the cold local oscillator
optics.
The telescope relay and channel-splitting optics relay the instrument's seven signal
beams from the Herschel focal plane into the diplexer box. This is done with 6 common
mirrors (the telescope relay optics, shared by all channels), followed by 7 sets of three
mirrors (the channel-splitting optics). The telescope relay and channel splitting optics
have three primary functions:

• They produce an image of the telescope secondary on the fourth mirror in
the chain, enabling the iinplementation of a focal plane chopper.

• They produce an image of the focal plane on the first mirrors in the channel-
splitting optics. Because the instrument's seven beams are separated in the
focal plane, this allows the beams to be split by seven isolated mirrors with
different orientations.

• In each channel, they create an image of the telescope secondary within the
diplexer box. This image is a frequency-independent waist that is relatively
large, to minimize diffraction losses within the diplexers.

The waists of the seven beams entering the FPU from the LO unit are re-imaged by the

Fig. 4 — The Common Optics Assembly. The left-hand image shows the mirror
configuration of the telescope relay optics (the first six common mirrors) and the
channel-splitting optics (the 7 sets of three smaller mirrors). The right-hand image
shows the layout of a single channel of the cold local oscillator optics.
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Bearnsplitter LO Itaj ection Diplexer LO Injection

(a) (b)
Fig. 5 — Local Oscillator Injection Schemes

cold local oscillator optics, producing frequency-independent waists in the diplexer box
that match the signal beam waists produced by the channel-splitting optics.

3.3 The Diplexer Assembly

Within the diplexer assembly, each of the 7 signal beams is combined with its
corresponding LO beam, creating two linearly polarized output beams per frequency
channel. Each linearly polarized beam is then directed into a Mixer Sub-Assembly.
At low frequencies, where relatively high LO powers are available, the combining is
done with three polarizing beamsplitters per channel. As indicated in Fig. 5a, the first
beamsplitter is placed at the intersection of the LO and signal beams, creating two
mixed beams (one contains the "horizontally" polarized signal beam plus the
"vertically" polarized LO beam, while the second contains the inverse). Each of the
mixed beams then hits a second beamsplitter, whose polarization is defined to reflect
90 % of the signal power and 10 % of the LO power (the remaining signal and LO
power are absorbed in a beam-dump). This 90%/10% coupling of signal and LO
powers is achieved by setting the polarization of BS1 18° from the vertical, while BS2 is
horizontally polarized and BS3 is vertically polarized. Increased coupling of signal
power to the mixers can be achieved by rotating the polarization of BS1 closer to the
vertical (although this also reduces the LO power coupling).
At high frequencies, where LO power is scarcer, a Martin-Puplett diplexer is used for
LO injection (see Fig. 5b). Once again, the first beamsplitter creates two beams
containing LO and signal power in orthogonal polarizations (the polarization of BSI is
vertical in this case). The following pair of beamsplitters in Fig. 5a are then replaced
with a polarizing Michelson interferometer that rotates the polarization of the LO beam
relative to that of the signal beam, creating a linearly polarized output (one
interferometer is used for each mixer). In this manner, the coupling of both the LO and
signal powers to the mixers are high, although mechanisms are needed to tune the
interferometers for use at different frequencies.
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3.4 The Mixer Sub-Assembly

Each of the 14 linearly polarized outputs from the diplexer box enters a Mixer Sub-
Assembly (MSA) that includes:

• three mirrors that focus the optical beam from the diplexer into the mixer;

• a mixer unit (SIS mixers in bands I -5 and HEB mixers in bands 6L and 6H);

• a low-noise IF amplifier (plus two IF isolators that suppress reflections in
the cable between the mixer and the amplifier);

• low-frequency filtering for the mixer's DC bias lines; and

• a mechanical structure that isolates the 2 K mixer from the 10 K FPU
The resulting MSA design (see Fig. 6) is a densely packed — 5x12x15 mm' box. The
design's complexity is driven by a number of factors, including the need for a compact
design and the desire for a low-distortion, all-reflective optical design. In particular,
this second requirement necessitates the use of at least two mirrors (the second mirror
compensates for distortions introduced by the first minor). In practice, a three-minor
system is used because it is more compact than a comparable two mirror design.

3.5 The 1F2 Box

Prior to leaving the FPU, the IF outputs of the 14 mixer sub-assemblies pass through a
14-channel second-stage amplifier (the LF2 Box). The extra, gain provided by this
additional amplifier is needed to overcome the losses in the IF cables between the FPU
and the spectrometers (— 5 m of stainless steel cable will be used to minimize the heat-
load on the cryostat). In addition, the IF2 box has several extra functions:

• equalizing the output powers of mixers in different bands;

• offsetting the frequency-dependence of the IF cable losses; and

• combining the 14 mixer outputs into 4 cables to reduce the thermal load on
the cryostat.

3.6 The Focal Plane Chopper

The fourth mirror of the telescope relay optics is the focal plane chopper. The chopper
mirror is mounted on flex pivots that allow it to rotate around the centre of its optical

Fig. 6 — The Mixer Sub-Assembly
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surface (in one direction). Because the mirror is located at an image of the telescope
secondary, tilting the chopper results in a tilt of the beam on the sky. The primary uses
of the chopper are to scan the beam on the sky (in one direction), and to redirect the
instrument's optical beam into the on-board calibration source.

3.7 The Calibration Source Assembly

Mounted on the side of the COA, the calibration source assembly contains a lightweight
blackbody cavity (the calibration source) that can be heated to 100 K, plus a set of
mirrors that focus the optical beam from the FPU into the cavity. The calibration source
assembly provides two stable blackbody signal loads that are used to verify the
calibration of the instrument's sensitivity (one load is at — 10 K, while the second is at
an adjustable temperature between 10 and 100 K). The HIFI signal beam is steered into
the calibration source by using an extreme position of the focal plane chopper.

4. THE HIFI MIXER UNITS

4.1 Performance Requirements

The ultimate sensitivity of the HIFI instrument will be largely determined by the
sensitivity of the SIS and BEB mixers at the heart of the FPU. For this reason,
ambitious goals have been set for the performance of these mixers. In particular, with a
goal of TN tee — 4 hfikB defined for the sensitivity of the integrated instrument, the goal
sensitivities of the HIFI mixers are TN,mixer+IF — 3.5 hf7ki3 (including the noise
contributions of the IF chains). In general, this goal has been achieved in SIS mixers at
lower RF frequencies (below 700 Gliz). However, the desire to achieve this sensitivity
over broad RF and IF bandwidths, and at much higher RF frequencies, makes this a
significant challenge. This is highlighted by the plot in Fig. 7 of the goal sensitivities of
the RIFT mixers versus the best-reported sensitivities at the time of the submission of
the HIFI proposal to ESA (in 1996).

Band Frequency
(GHz)

Mixer
Type

1 480-640 SIS, WG
2 640-800 SIS, WG
3 800-960 SIS, WG
4 960-1120 SIS, WG
5 11204250 SIS, Q0

6L 1410-1710 HEB, QO
6H 1710-1910 HEB, Q0

Note: WG = waveguide mixer
Q0 = quasi-optical mixer

(a)

Fig. 7 — HIFI Band Definition and Mixer Sensitivity Goals. Note that the baseline
and goal sensitivities are defmed as the effective input noise of a receiver with loss-less
optics (i.e. only the mixer and IF chain noise contributions are considered). Also, note
that the 1996 State-of-the-Art Performance (SOAP) generally corresponds to narrow-
band mixers at low IF. A clear split between the SOAP and Goal sensitivities is seen
above 640 GHz.

346



(a) (b) (c)

404,42 .

704

-

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

Fig. 8 — Two Prototype HIFI Mixer Units. (a) and (b) front- and rear-views of the
band 4 mixer (from SRON), with its corrugated horn visible in (a), (c) is a front-view
of the prototype band 6H mixer (from JPLNASA), with its quasi-optical lens visible.

4.2 Interfaces and Other Requirements

The HIFI mixers are compact units with well-defined optical, mechanical, and electrical
interfaces designed to facilitate rapid integration into the mixer sub-assemblies. This
has required the inclusion of a number of features that are not present in. laboratory-
based SIS or HEB mixers. In particular, while a typical lab mixer includes:

• a RF beam-forming element (a waveguide horn or a quasi-optical lens-
antenna);

• a SIS or HEB mixing element;

• a superconducting electro-magnet (for SIS mixers only); and

• an IF output connector that is also used as the DC bias connector,
a RIFT mixer will also include a number of additional features:

• a built-in bias-T to split the IF output from the DC bias input;
• a five-wire bias network (to allow the actual mixer bias to be monitored,

while also providing ESD protection and EMC filtering on the bias lines);

• a resistive de-flux heater (for the SIS mixers only); and

• absolute alignment of the mixer's quasi-optical RF beam.
Furthermore, the mixer units must be rugged enough to survive 4-5 years of instrument
and satellite integration and testing, the satellite launch, and 4-5 years of in-flight
operations. This requires that the mixer units be able to survive, without suffering a loss
of calibration, low-level ESD events, several days of vacuum bakeout at 80°C, a large
number of thermal cycles to 2 K (— 25 are foreseen for the flight units), high vibration
levels, and irradiation by energetic particles.
Fig. 8 includes pictures of two prototype HIFI mixer units.

5. CURRENT STATUS AND EXPECIED DEVELOPMENT SCHEDULE

The HIFI instrument has a three-stage development program, including a development
model, a qualification model, and a flight model.
At present, the mixer and If amplifier development programs are wrapping up, with
development model hardware deliveries scheduled for the spring of 2002. The
construction and integration of the development model FPU is expected to be complete
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by the summer of 2002 and will be followed by 6 months of instrument-level testing
in the second half of 2002.
The development model program will be followed by a qualification program, which
will demonstrate the compliance of the as-built hardware with the requirements of space
qualification (including, in particular, formal environmental testing of both individual
units and the integrated 'instrument). At lower levels of integration (i.e. units that are
deliverable to the FPU), the qualification program has already begun, with completion
expected by the end of 2002. The qualification program for the integrated FPU will
begin in mid-2002, and will last until the second half of 2003.
The construction of flight hardware will begin in the second half of 2002, with the units
at a lower level of integration being delivered in mid 2003, so that the integration of the
FPU can take place in the second half of 2003. Testing of the integrated instrument is
planned for the second half of 2004.
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An Interferornetric Microwave Comb Generator

R. Kimberk, C. E. Tong, H. Gibson, R. W. Wilson, R. Blundell, S. Paine, and T. R. Hunter
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Abstract

We have developed a scheme for generating a comb of radio frequencies, covering the
microwave to millimeter spectral range. The system utilizes a single diode laser coupled to an
optical interferometer and photodetector. Frequency modulating the laser at a rate of 2.154 GHz,
we observe an electrical signal from the photodetector with a spectrum that is a comb that
extends beyond the 40 th harmonic of the fundamental modulation frequency. The line width of
the electrical output is less than 2 Hz. We have compared the phase stability of an element of the
comb with the output from a classical diode frequency multiplier (both driven from the same
source) and have concluded that a phase-stable output can be generated. Finally, we have
developed analytical and numerical models that suggest that our scheme may be used for
frequency generation through the submillimeter.

Introduction

The design of photonic local oscillators for use with low noise heterodyne receiver systems has
been motivated by the development of photo detectors with frequency response in the microwave
and millimeter 1

'
2 . Attempts at producing a usable photonic local oscillator are usually based on

the mixing of the outputs of two solid-state lasers in a photo detector. The poor line width and
frequency stability of the simple heterodyne systems have led to more complex systems to
control the phase and frequency of the resulting tone 3

'
4 . We have developed a single laser

homodyne system. The operating principle is similar to the time delay / phase shift frequency
discriminator used to demodulate frequency and phase modulated radio signals 5 . An angle
modulated (either frequency or phase modulated) signal is demodulated and converted to an
amplitude-modulated signal, through the use of an appropriate differentiator. In our device we
incorporate a time delay frequency discriminator (interferometer) with the time delay set to
recover a maximum number of harmonics of the modulation signal. The HP 11980A fiber optic
interferometer is based on comparable techniques and other similar schemes have been used to
measure laser chirp 6'7.

System description

The optical output frequency of a semiconductor diode laser is a function of its bias current.
Modulating the bias current produces an angle modulated optical signal. In our scheme the sum
of a DC bias and a microwave signal is used to set the operating point and modulate the optical
output frequency of a Fabry-Perot laser diode. The diode is an SDL-5432 with a nominal output
wavelength of 830 urn. The wavelength change is about 0.01 nm/rnA, which is equivalent to a
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frequency shift of about 4 GHz/mA. The DC bias current is set sufficiently above the threshold
value for lasing to occur, so that at no time does the sum of the DC and microwave current fall
below threshold. The angle modulated optical signal from the laser passes through an optical
isolator and then is coupled to the input of a Mach-Zehnder interferometer. The interferometer is
constructed from two Newport, F-CPL-S22855, 3 dB single mode fiber couplers. The first of
these is used to split the laser output into two equal power components, one of these incurs an
additional path length delay, 8, resulting in a time delay At = 6/c-VE, before being recombined
with the other at the output of the second coupler. Figure 1 is a diagram of this system.

Interferometic Microwave Comb Generator

Figure 1. The system diagram

The time domain description of the angle modulated laser output may be written:

a(t) = cos [coat +13 s n (Ant] (1)

where we is the carrier or optical frequency, ct),, is the modulation frequency, and p is the
modulation index (the amplitude of sin (omt). 13 is equal, for the particular case of frequency
modulation, to Aukko m: the maximum change in carrier frequency, Aw e, divided by the
modulating frequency, con,.

At the interferometer output we therefore have:

a i (t) = A cos [coat 4- 13 sin comt] (2)

and the delayed signal

a2(t) = A cos [we(t — At) + 3 sin coni(t — At)] (3)

350



Thirteenth International Symposium on Space Terahertz Technology, Harvard University', March 2002.

Setting the time delay equal to one half of the period of the modulating frequency, At = Tr/6),„, in
order to maximize the resulting comb bandwidth, we have

a2(0 = A cos [(wet — wohkom) sin a),„t] (4)

The sum of expressions (2) and (4) may be written

a t (t) + a2(t) = 2A cos(P sin wint + 4))cos(a)ct — 4)) (5)

where 4) = Ira),./2on,

The output of the interferometer consists of an optical carrier

cos(cuct 0)) (6)

with a low frequency amplitude envelope given by

2A cos(I3 sin (D int + (I)) (7)

In equations (4) and (5) the bandwidth of the amplitude modulation is also maximized for
additional delays of 211w/o il, for n = 1,2,3 ... In addition, to achieve the output described by
expression (5), the two signals must also have the same polarization. A polarization controller is
therefore placed in one arm of the interferometer and manually adjusted to maximize the
interferometer output.

The interferometer output is coupled to a photodetector that produces an electrical signal whose
amplitude is proportional to the square of the amplitude envelope, expression (7). The voltage
output at the photodetector may be written:

Vont = k A cos
2

 (13 sin a) +4)

= k A [1+ cos(23 sin (Uint + 2(1))] (8)

where k is a constant related to the effective responsivity of the detector. In this study, the
photodetector used was a New Focus model 1434. A 1 mW input at 1.06 p.m produced an output
power of-37 dBm from near DC to 25 GHz.

Examination of expression (8) shows that the action of the square law photodetector not only
shifts the angle modulated optical spectrum to base band, but also generates a modulation index
of 213, twice the original index of expression (1). In the frequency domain, expression (8) is a
comb of spectral lines separated by w in . Expression (8) can be expanded into a series

\Tout = k A [1 + E Jn(213) cos ( rico, t + 2 (9)
-
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where J(x) is the Besse] function of the first kind, of order n. As the modulation index is
increased, the power is shared with more and more sidebands and the bandwidth of the signal
increases. According to Carson's rule 5 , 98% of this power is contained within a bandwidth of

(213+ 1)0)„,, (10)

As an example, modulating our laser (with a modulation sensitivity of 0.01 nmimA, or 4
GHz/mA) to a depth of 10 mA at a frequency of 10 GHz, yields f3= Aw eicar,„ 4, so the
bandwidth of the microwave comb, given by expression (10), is 90 GHz.

Output Noise Power

The interferometric comb generator takes advantage of the temporal coherence of the laser to
produce a more spectrally pure output than is possible with a heterodyne (two laser) mixing
scheme. The temporal coherence of the laser is related to its line width and power spectral
density. The line width specification frequently given by the laser manufacturer is the
wavelength between the Fabry-Perot modes that are 3 dB below the dominant mode. This
specification should not be confused with the line width (FWEIM),8w, of any given mode, which
is of order 0.1 MHz 9 . The power spectral density of a given mode has a Lorentzian distribution,

5
parameterized by the center frequency and 6w of about 6 x 10 radian/s.

The intrinsic laser phase noise may be modeled as a random phase modulation of the optical
carrier 8 . We implement this in our model by introducing a phase term, pn sin cunt, that modulates
the optical carrier.

a(t) = cos [wet + sin 60] (11)

The absolute value of the noise frequency co r, can assume any value from zero up to a few times
8w. Its mean value is 8co/2. For a well behaved laser, the noise modulation index 13, 1, should be
small (pn < 1) and is a Lorentzian function of wn.

Equation (11) can be expanded in a series of Bessel functions:

a(t) = E J( n) cos (put + wet) (12)

Since pn is small, we retain only the linear terms of the series

a(t) = cos (0 t 11 cos (cont ± coat)—c-

Expression (13) implies that the noise power density at an offset co n from the optical carrier is

13,
2

. Next, we investigate the effect of the extra phase noise term in the entire system. The
analysis given in the previous section is repeated with the addition of the phase noise term:

(13)
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a(t) = cos (wet + 3 Sifl wmt + f3 sin wilt) (14)

The interferometer output can be written as

a i (t) + a2(t) = 2A cos [13 sin w int + (I) + Pn/2 (sin (out — sin 6)114 — AO)] (15)
cos [wet — +13„/2 (sin writ + sin (oat — AO)]

The photodetector extracts the amplitude envelope of the interferometer output to yield

Vout = kA cos2 [(13 sin conit + .4) + P11/2 (sin ot + sin wri(t — AO)] (16)

For a path length difference of 100 mm At will be equal to 5 x 10 - s. Then 8wAt will be about
—43 x 10 and the product conAt << 1. In the limit of small argument, cos (co nAt) — 1 and

sin ((onAt) conAt so that

[sin (ont + sin wn(t - At)] — oonAt cos wt (17)

Vout (expression (16)) can then be rewritten as

Vout kA cos2 (p sin w int + + 3n/2 (oondt cos writ)
= 5 kA +1/2 kA cos(213 sin coynt + 24) + oonAt cos wilt)] (18)

the AC component of V0  may be expanded using a Jacobi — Anger series

4- co

E E Jp(213) Jk(i3n conAt) cos [ 2(1) + p + k(cont + 7/2)] (19)
p = k= -co

Since 13n conAt is small, we retain only the lowest orders of the series, i.e. k = -1, 0, and 1.

+ +09

V
out = E E Jp(23) [cos (pwmt + 2(13.)

p = - k - cc

(Pn conAt) cos (pconit + 2(I) wnt +7r/2)

(i311 (onAt) cos (pc° t 2.43. — w11t — 7c/2)] (20)

From the above expression we can say that associated with each discrete line in the comb of the
photodetector output there is a noise sideband of power density (fin conA02 at an offset of wn.
Comparing this noise power density to that of the intrinsic laser noise given by equation (13), we

note that the noise power density is reduced by a factor of ((onz.‘02
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At the mean offset of on , equal to 6o/2, the noise reduction is simply (OwAt/2)2 . As Oco/2 is
equal to lit, where is the coherence time of the laser, (&wAt/2) 2 = (Ath)2 . The same result may
be derived from the normalized autocorrelation function, referred to as the degree of temporal
coherence.
For example, in our experiment the path length difference was set at 140 mm, which is
equivalent to a path length delay of 7 x Hi m s in glass fiber. For .3o of about 3 x 10 5 rad/s, we
have

(8coAt/2)2 	((7 x 1040) x (3 x 1O) /2)2 (21)
10-8

The noise power of the photodetector output is improved compared to that of the original laser
output by about 80 dB.
Measured values of noise power for a comb line at 10.77 GHz are; - 80 dBc/Hz at 1 kHz offset,
- 80 dBc/Hz at 10kHz, -100 dBc/Hz at 1 00kHz, and —110 dBc/Hz at 1 MHz. The shape of the
noise pedestal of the comb matched the shape of the noise pedestal of the modulating signal.
This suggests that the measured noise was predominately the noise of the modulating signal and
not the laser phase noise.

Numerical Model

A numerical model has been developed to provide a theoretical framework through which a
detailed understanding of the effect that various parameters, such as carrier frequency,
modulation rate and index, phase relationship between carrier and modulating signal,
dimensional changes within the interferometer, and interferometer type, have on the
photodetector output. A large array is used to store a time domain sequence of the angle
modulated laser output. Each array point is a time slice of the modulated waveform. The array
length is chosen to be exactly 2" long and we adjust the time slice such that exactly a whole
number of carrier cycles and modulation cycles fit it. This arrangement can now be used as a
circular buffer, as the beginning and end match up. For example, with a laser wavelength of 830
nm (361 THz), a modulating signal of 10 GHz and a buffer size of 4,194,304 we can fit 8
modulation cycles, with each carrier cycle sampled 14.52 times. Because the ends of the array
match up, we do not need a windowing function and the Fourier transform is an ideal case,
offering very low noise.

A Michelson interferometer may be modeled by moving through the array with two pointers, one
offset by the path length delay from the other. The contents addressed by the two pointers are
added together and stored in another array. A Fabry-Perot interferometer simulation uses
multiple taps with a weighting factor appropriate to the reflection and fmesse of the cavity. The
circular buffer is essential in this mode, as one may use hundreds of taps. A square law detector
may be modeled by simply squaring the contents of each array element. The model generates an
output that is rich in phase, amplitude, power, time domain, and frequency domain information.
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Experimental Results

An experiment was performed to verify the operation of the interferometric comb generator. The
system parameters were:

a) Laser drive current 200 mA
b) Average output power of interferometer 8 mW
c) Microwave modulation frequency 2.154 GHz
d) Available microwave modulation power 16.8 dBm
e) Interferometer path length difference 14 cm

The New Focus 1434 photodetector has a nominal operating bandwidth of 25 GHz. Its output
port is a SMA connector. The microwave comb output up to 26 GHz was observed directly with
a spectrum analyzer. Between 26 and 46 GHz we connect a WR-28/K-connector transition to
the photodetector. A HP 1197Q waveguide harmonic mixer was used as an external mixer for
the spectrum analyzer. Because the photodetector's output is above the frequency limit of its
SMA connector, power coupling is expected to drop above 32 GHz. As well, above 40 GHz, the
efficiency of the harmonic mixer and the waveguide transition rolls off rapidly. For frequencies
greater than 50 GHz, a K to V adapter, followed by a V-connector/WR-15 waveguide transition,
and a Pacific Millimeter WR-10 harmonic mixer were connected to the spectrum analyzer as an
external mixer. The power measurement was not calibrated in this frequency range. The noise
floor of the power measurements ranged from —102 dBm to —110 dBm.

The output frequencies were all found at multiples of the microwave pump. From the pattern of
the output power, we determined that 98% of the power in the comb is contained below about 40
GHz. This suggests that the angle modulation of the laser had a modulation index (0) of about
10. Figure 2 is a graph of the comb power versus frequency. Figure 3.a is the predicted response
produced by the numerical model. Figure 3.b is the frequency modulated optical input signal to
the interferometer as given by the numerical model.
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Figure 2. Graph of the microwave comb line power measured by the spectrum analyzer vs
the frequency of the comb line. X-axis is frequency in GHz and Y-axis is power in dBm.
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Both the numerical and experimental data sets display a similar sharp roll-off pattern above 40
GHz. We conclude that there is qualitative agreement between the numerical model and the
experimental results. With one arm of the interferometer removed the output power dropped as
much as —37 dB at 53.85 GHz, the highest frequency for which this effect was measured. The
reduction in output power with one arm of the interferometer removed is less at lower
frequencies due to gain switching of the laser. Gain switching is a nonlinear response of the
amplitude of the laser to changes of the input current. Figure 4 is the spectrum of a comb line at
15.078 GHz (7 th harmonic).

Figure 3. a) Numerical model prediction of comb output
b) Numerical model prediction of optical input to the interferometer

In a subsequent experiment we measured the increase of phase noise of the photodetector's
output as a function of harmonic number. The ratio of phase noise power to carrier power of a
given line in the photodetector's output should be n 2, where n is the harmonic number of the
output line. The laser was modulated with a 100 MHz signal which was itself frequency
modulated at 50 kHz to produce a pair of discrete sidebands. The interferometer output was
therefore a comb of lines spaced at 100 MHz intervals, and each line had 50 kHz sidebands. The
ratio of the power in the comb line and its associated sideband at 50 kHz offset was measured
from 100 MHz to 1.8 GHz, the 17 th harmonic of 100 MHz, at the output of the photodetector.
The excess phase noise (above the n2 ratio) ranged from 0.5 dB at 300 MHz to 5 dB at 1.8 GHz.
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Figure 4. Spectrum of one of the comb lines

A third experiment was done to determine if the output was phase stable with respect to the
modulating signal com. The modulating signal was split with half going to the laser and the other
half going to the input of a frequency multiplier. The output of the frequency multiplier was the
same frequency as the comb line to be phase compared. The two frequencies after down
conversion to 70MHz were inputs to a HP8508A vector voltmeter, with the frequency
multiplier's output acting as the reference. Lines at 8.616 GHz and 17.232 GHz were examined.
Over a 10 minutes time scale, measurements were taken. The 8.616 line was phase stable to
about 1 degree rms, while the 17.232 GHz line had a short term stability of about 2 degrees rms
with a drift of about 2 degrees. One degree at 17.232 GHz corresponds to about 48 microns in
free space so some of the measured drift may be caused by the collection of cable and devices
required for the test. For longer time scales the polarization stability of our interferometer
became the limiting factor.

Conclusion

A simple photonic microwave comb generator has been demonstrated and mathematically
modeled. The generality of the approach suggests that other means of producing an angle
modulated output, and other types of interferometers, may be used to build better devices with
higher power output to higher frequencies. Photodetectors are currently commercially available
with a DC to 60 GHz frequency response. However, photodetectors with response to several
hundred GHz are available in some laboratories. Furthermore, Phase modulators are available
with a DC to 40 GHz frequency response and a V-rr of 6 Volts (pi radians of phase shift with 6
Vrnis input). Polarization preserving fiber couplers are also available. Given the interest in solid
state local oscillators for heterodyne applications, it seems likely that our type of frequency
generation scheme will be used throughout the submillimeter in the near future.
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Development of the HIFI band 3 and 4 mixer units
G de Lange, B.D. Jackson, M. Eggens, H. Go!stein, W.M. Laauwen, L de Jong, S.
Kikken, C Pieters, H. Smit, D. Van Nguyen

SRON National Institute for Space Research
Postbus 800, 9700 AV Groningen, the Netherlands

We describe the current status of the HIFI mixer units for Band 3 and Band 4. The mixer units
cover the 800-960 GHz and 960-1120 GHz frequency range with a 4-8 GHz IF frequency
band. The major requirements and design drivers are presented. Functional tests of the
magnet, the de-flux heater and the corrugated horn were performed. Details of the
mechanical design of the mixer units and the assembly procedure are described.

1 Introduction
The Herschel Space Observatory (launch date 2007) will fly two bolometer instruments
(PACS and SPIRE) and the heterodyne instrument HIFI [1]. An international consortium led
by the PI institute, SRON, is building HIFI [2]. Within HIFI, 7 frequency bands cover the
spectral range from 480-1250 GHz (SIS mixers) and 1.41-1.91 THz (HEB mixers). During
observations a single frequency band will be operational. SRON is also responsible for the
development of the mixer units for band 3 (800-960 GHz) and 4 (960-1120 GHz). Each of
these bands contains two tunerless waveguide mixers to measure both signal polarizations
simultaneously. The mixer units are mounted on a 2 K platform in a mixer console that
thermally isolates the mixer units from the Focal Plane Unit (10 K ambient temperature).
Within the Focal Plane Unit, each of the mixer units is connected to a 4-8 GHz IF chain
consisting of two isolators (one at 2K and one at 10 K) a low noise first stage IF amplifier
close to the mixer unit, and a common second stage IF box. The second stage IF box provides
further amplification, signal equalization, and finally power combining of the 14 separate IF
channels into four coax lines that run between the cold and warm (outside the dewar) IF back-
end. In the back-end a Wide Band Spectrometer and a High Resolution Spectrometer are
available for IF spectral analysis. The LOs for the 7 bands are located in the LO-box, mounted
on the outside of the dewar, and injected by either a wire-grid beam splitter (bands 1 and 2) or
a Martin-Pupplet diplexer. [3]
During observations, the instrument will run in an autonomous mode. Optimal settings of the
mixer units (bias voltage, magnet current, LO power) therefore have to be available from
look-up tables. Further details on the RIFT focal plane unit are given in a paper by Jackson et
al. [4]
The mixer unit development program is currently in the Qualification Model phase, where
extensive environmental testing will prove the flight worthiness of the units. In this paper we
present the current status of the mechanical layout of the mixer unit and experimental results
of its functional behavior. Environmental qualification testing will be done in near future and
may give rise to design changes in the mixer unit presented in this paper. Details on the
current performance status and the SIS device design are presented in a separate paper by
Jackson et al. [5,6].

2 Requirements
The specific requirements for a space mission and the unique opportunity for a space based
heterodyne observatory determine to a great extent the performance and mechanical design
drivers for the mixer units. A summary of the design drivers is given in Table 1.
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Trn i, DSB Band 3 Band 4
Frequency 800 GHz 960 GHz 960GHz 1 120 GHz
Baseline 119K 158K 158K 190K
Goal 99 K 129 K 129 K 151 K
Sensitivities, excluding contributions from IF chain and optics losses

'Withstand shelf life, bake-out, launch and in-orbit operation (9 years)
"Mass < 75 grams
'Envelope 32x32x45 mm
"IF range 4-8 GHz, ripple < 2dB/1 GHz
'De-flux heater operating at current < 15 mA
-Magnet current < 10 mA for second minimum in the Fraunhofer pattern
'Beam quality
'Optical alignment tolerances (goal): x,y: 42 jsm, tilt 0.2°
• ESD protection, EMC shielding
'Bias circuit isolation > 30 dB in IF range

Table I Summary of the main requirements of the HIFI band 3 and 4 mixer units

The two main requirements for the instrument are reliability and sensitivity. Note that the
challenging goal sensitivities of the mixer units given in Table I are the sensitivities of the
mixer unit only, without noise contributions from the optics and IF. Constraints on mass,
envelope, magnet current, and heater current and are mainly determined by the need to
minimize the dissipation and heat load on the 2 K and 10 K level. The choice of materials and
procedures in the assembly of the unit is driven by the environmental conditions of the
instrument during shelf-life (several years), bake-out (80 degrees for 72 hrs), thermal cycling
(approximately 25 times), launch (vibration levels, 20 G rms in qualification) and in-orbit
operation (>3 years). Procedures and materials commonly used in ground-based and
laboratory receivers are not compatible with these environmental conditions (e.g. silver paint
or low temperature crystal bond).
The instrument assembly and spare unit replacement philosophy determine the alignment
tolerance on the position of the optical beam in the mixer unit. To allow for mixer unit
replacement within the instrument (due to failure or significant performance improvement), a
'blind' replacement, relying on mechanical interfaces only, is foreseen. There are no
adjustable mirrors within the instrument (mirrors will be shimmed once during assembly).
To allow the use of a magnet current look-up table it is necessary to be able to remove trapped
flux from the SIS device and superconducting electrodes. A de-flux heater that can warm up
the superconducting layers above their critical temperatures (in Band 3 and 4 this is about 15
K) is therefore implemented.
The potential high levels of electromagnetic fields within the instrument (specified as 2 mVim
in 3-9 GHz range, 2 V/m outside this range) require that the mixer units have proper shielding
for EMC, especially in the 4-8 GHz IF range. Protective circuitry to avoid ESD damage
during handling and operation is also required.

3 Main features

The current design of the mixer unit is shown in Figs 1 and 2.
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Corrugated horn

Figure 1 Exploded view of the mixer unit

Figure 2 The QM prototype mixer unit

The unit consists of four sub-units:

- The horn bracket. This bracket holds the horn, the low frequency filtering and
ESD circuit board, and the bias connectors (type: Cannon MDM 3401 9 pins).
Also on the horn bracket are the mechanical reference planes that define the
position of the bracket on the mixer console. The ESD/EMC filtering board is
held in place with two aluminum springs. The board for the flight mixers will
be made from alumina (FRP in the development unit shown here).

- The 1F-box. This box houses the magnet, the IF circuit board, an auxiliary
PCB, and the IF output connector (Radiall female bulkhead receptabel). The
alumina IF circuit board is clamped with 2 Vespel springs into the housing

- The device mount. The SIS device and the heater are mounted in the device
mount. Attached to the device mount is a leaf spring that is used for
alignment purposes

- The pressure unit. This unit holds a pressure plate that is pushed forward
against the device mount. Releasing a stack of washer springs inside the
pressure unit applies a controlled pressure to the waveguide/device mount
interface.

3.1 Corrugated horn
The mixer unit uses a corrugated horn antenna, tapering down to a reduced height waveguide
of 300x75 pm (Band 3) or 240x60 1.1m (Band 4). The horn design is equal for all bands
(except for a scaling factor). For the band 3 horn (with a center frequency of 880 GHz) the
aperture radius is 1.6 mm and the horn slant length is 9.8 mm. At 880 GHz the far field
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divergence angle is 8.46 degrees and the waist size is 0329 mm. The band 3 and 4 horns are
currently being fabricated at RPG and Thomas Keating. Results of amplitude measurements
on an RPG horn at 890 GHz are shown in Figs. 3 and 4. The experiments show that horns
with a well predicted and symmetric beam pattern can be fabricated at these high frequencies.

Model data over measured grid Measured Data

0
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-4

-6

113
-8
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-14

-16

-18

-20

Figure 3 Model and measured data for a band 3 horn at 893 GHz

Model + Measured Data vs opening angle

2 3 4 5 6 7 8 9 10 1 1 12 13 14

opening angle

Figure 4 Comparison of model and experimental data of a band 3 horn at 893 GHz

3.2 Magnet
The magnet consists of two superconducting coils and a (multi-element) core of Vacuflux 50.
The flight model coils will be fabricated using an ortho-cyclic winding technique by which
the 64 gm diameter wires (fabricated by Supercon) on the coil are packed as densely as
possible. The gap between the pole pieces at the position of the device is 1 mm. A 10 mA
magnet current results in approximately 400 Gauss at the junction position. The amplitude of
the Josephson super current versus magnet current for a single junction (approximately lx1
1.1m) device is shown in Fig 5. The cause of the hysteresis has not been identified yet.
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Magnet current (mA)

Figure 5 Zero-voltage supercurrent versus magnet current for a single junction device. The
insets show the magnet parts and assembly

The best noise performance has been obtained with twin junction devices, with a 400 nm
aluminum top electrode. To reduce the DC resistance of the top electrode we have added a
200 nm layer Nb on top of the aluminum. Due to proximity effects of the Nb on the Al this
has the undesirable side effect that the two junctions form a SQUID loop. The super current
versus magnetic field dependence for the twin junction device therefore shows a SQUID
behavior (a rapid modulation on top of a Fraunhofer pattern). This makes the mixer unit very
sensitive to magnetic field changes and flux trapping. Figure 6 shows an example of the
supercurrent versus magnet current behavior of a twin junction device measured in a time
span of an hour, before and after application of several heat pulses for flux removal. The
magnetic field dependence varies considerably between the measurements. As one can see it
will be difficult to give a single value magnet current for optimum Josephson effect
suppression. Removing the top layer Nb locally, or not applying the extra Nb layer at all in
future device fabrication runs, will avoid the SQUID type behavior of the device.

Figure 6 Magnetic field dependence of the zero voltage supercurrent in a twin junction
device, after application of several de-flux heater pulses
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Figure 7 Heater current and junction voltage as a function of time.

3.3 De-flux heater
The de-flux heater consists of a 490 Ohm miniature resistor mounted with Apiezon T vacuum
grease in a hole in the device mount. The heater resistor is in close proximity to the junction.
To measure the heater characteristics we bias the device at a fixed current at the gap voltage.

A typical heater current and junction voltage versus time is shown in Fig 7. After applying
the heater current (at t = 3 s) first the gap voltage decreases from 2.7 to 0 mV, then the Nb of
the junction becomes normal conducting (at t = 4 s, T=9.2 K) and finally (at t = 4.3 s) the
temperature reaches the transition temperature of the NbTiN. This is observed as a sudden
increase of the device resistance because the NbTiN RF filter is no longer superconducting.
The typical energy needed for heating the device to 15 K is 300-600 mJ. The actual effect of
the de-flux procedure still has to be investigated in further detail. One has to insure that
during cooldown no remnant magnetic fields are present which again could cause flux to be
trapped.

3.4 IF circuit
The lay-out of the 625 gm thick alumina IF board and measured results of the bias-T isolation
are shown in Fig. 8. The bias-T provides a 40 dB isolation between the DC and IF port within
the 4-8 GHz IF range. The microstrip IF line is connected to the SMA output connector and
the device via wire bonds. A 10 pF capacitor is used for DC blocking. We are currently
investigating a planar 4-8 GHz bandpass filter for this purpose.
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3.5 ESD and EMC filter circuit.
An ESD and low frequency EMC filtering circuit is located in the bottom plate of the mixer
unit (see Figs 2 and 9). The ESD circuit provides a 1000x protection. ESD tests on sample
devices showed DC breakdown voltages in the range of 0.6 to 1.3 V.

Bias Filter - PCB

100E 1k lk

lk lk
-71-17710nF

Rp Bias Voltage Moni or475
25V

MIXER IF/RF GRID

Figure 9 Schematic of the junction bias circuit, providing ESD and low frequency EMC
protection.

4 Assembly procedures
The manufacturing and assembly procedures are chosen to comply with the environmental
(e.g. aging, vibration, thermal cycling) and cleanliness (outgassing) requirements of a satellite
instrument. Special attention is paid to the robustness of electrical interconnects (e.g. IF
connector to IF board), electrical components, and component mounting methods with respect
to thermal cycling and thermal bake-out.

4.1 Alignment:

We make use of in-situ alignment of the device mount to the waveguide of the corrugated
horn. To do so, we attach the leaf spring on the device mount to a custom made x-y stage and
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position the device mount while looking down the corrugated horn with a 100x magnification
(see Fig. 10). After alignment, a spring (a stack of spring washers) inside the pressure unit is
released and the device mount is pressed against the horn. The leaf spring attached to the
device mount is then locked in position to the IF-box. This alignment method simplifies the
manufacturing of the device mount considerably, since there is no need to position the
waveguide and substrate channel very accurately within the device mount. Furthermore it
adds flexibility in the device mounting procedure and IF design, since we do not need dowel
pins or screws in the vicinity of the device. The IF-box and horn bracket are positioned with
respect to each other by means of a three point alignment, making use of three alignment
spheres in the IF box, and a Y-shaped alignment spring with three slits in the horn bracket
(Fig. 10). The realignment accuracy of this method is better than 5 gm.

Figure 10 View of the device mount to waveguide(300x75 pm) interface as seen
through the corrugated horn. Note that waveguide in the horn is slightly bigger than the
waveguide in the device mount. The alignment of the horn bracket to the device box is
defined by three spheres in the IF box, and an alignment spring with three slits in the
horn bracket.

4.2 Device mounting
In our mixer designs at lower frequencies SIS devices are mounted into the device mount
substrate channel with (super)glue, and electrical contact is made via silver paint or wire
bonding on the device substrate. Direct bonding of 17 gm wires to the 40 fim contact pads on
the thin (25 pun) substrates turns out to be a major cause of failure in the assembly procedure
of the HIFI mixer units. We therefore develop an alternative mounting method in which the
electrical contact to the device is made via silver epoxy (Epotek H20). The device is mounted
with the silver epoxy on a gold patterned alumina carrier. The carrier is then mounted with
Scotchweld 2216 to the device mount. Both Epotek H20 and Scotchweld 2216 have a flight
record. Multiple wire bonds are used for the electrical contact from the contact pads on the
carrier to IF-board circuitry (see Fig 11).
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Figure 11 The IF box, with a (sample) alumina IF board and the device mount with an
alumina mounting ring. On the right a prototype alumina mounting ring with a junction
mounted with silver paint. .

During the test phase we make use of silver paint for the electrical contacting and (thermal)
wax for the carrier mounting. The device and device carrier are easily removed from the
device mount. This gives us the opportunity to characterize the device performance in a test
unit and use the flight model mixer units only after a device has been selected.

5 Performance status.
The receiver Noise Temperature versus RF and IF frequency of one of the tested band 3 mixer
units are shown in Figs 12 and 13. The instantaneous RF bandwidth observed in FTS and
heterodyne measurements is sufficient to cover the 160 GHz HIFI specification, although this
device is tuned too high in frequency to cover the actual band 3 frequency range. The overall

Figure 12 Noise temperature and IF output power for hot and cold input signals as a
function of IF freciniencj'

receiver noise temperature ranges from 400 to 1000 K DSB. The receiver noise temperature
in HIFI will be considerable lower than our laboratory receiver, since HIFI will operate with a
10 K cooled diplexer and without vacuum windows or heat filters in the signal path. After
correction for the optics losses ( a room temperature beam splitter and vacuum window) the
noise temperature ranges from 230-500 K. The variation of noise temperature within the 4-8
GHz IF band is still too large. We attribute the variations to the rather long wire bonds used
for contacting the SIS device to the ground and signal line of the IF board.
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Figure 13 Receiver and corrected noise temperatures of a prototype band 3 mixer
unit

5.1 Summary
In summary we have presented the current status of the band 3 and 4 mixer units for HIFI.
The mixer unit is complying with the mechanical interface requirements. Measurements on
the beam quality of the corrugated horn, the BY sensitivity in band 3 and the mixer unit
bandwidth are very promising. The sensitivity at upper end of the band 4 has to be improved.
Noise temperature variations within the 4-8 GHz IF bandwidth are still too large and the IF-
output coupling circuit has to be optimized. The mixer magnet and de-flux heater are
operating close to the required performance.
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I. Introduction

Hot electron bolometer (HEB) mixers based on a superconductor-normal metal bilayer
[1] are expected to improve the overall performance, in comparison with existing Nb or
NbN mixers: lower mixer noise, larger intermediate frequency (IF) bandwidth, and in
particular, lower LO power requirement. The bilayer takes advantage of the idea that one
can engineer a superconducting layer with a required critical temperature and diffusion
constant. We present measurements of IF bandwidth and DC resistance vs temperature
using an Nb/Au bilayer HEB mixer, reporting the progress after work described
previously (Ref. 1).

Nb/Au bilayer and mixer

The new concept is verified by using a combination of thin Nb and Au layers. Using a
sputtered bilayer of a 5 nm Nb (bottom) and 5 nm Au (top), we obtain a 7', of 4.5 K and a
sheet resistance of 10 CI

The IF bandwidth is measured with a mixer using a spiral antenna to couple the RF
signal to the bridge. This design also allows a relatively simple fabrication process. We
fabricate bilayer HEB mixers using a similar fabrication process as for Nb HEB's 2 . The
process consists of: i) sputter deposition of a bilayer on a Si substrate, ii) thick Au
cooling pads and antenna structure realized in the same step by evaporation and lift-off,
patterned with e-beam lithography; iii) the narrow bridge defined by two etching steps
using a thin Al strip as an etch-mask. The Au layer is etched with Ar RF sputtering, while
the Nb is removed with a standard RIE etching using a gas mixture of CF4/02 . A SEM
micrograph of a realized device is shown in Fig. 1.

The device used for IF measurements has a bridge length of 630 nm and a width of
200 nm, determined by SEM. The resistance vs. temperature of this device has been
measured for temperatures down to 1.75 K (Fig.2). The T, of the NbAu bridge is around
3.8 K, which is lower than an unprocessed bilayer, while the bilayer under the cooling
pads does not become superconducting down to 1.75 K. The normal state resistance is 19

a 
Correspond author: j.r.gaoratnw.tudelft.n1
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a The temperature dependence of the resistance below 3.8 K seems to behave in a
similar way as the Nb devices3 . However, an analysis using similar structures shows that
a substantial part of the dissipation is due to the superconducting proximity effect4,
which, in contrast to the previously proposed charge-imbalance mode1 3 , allows for
dissipation due to quasi-particles with energies smaller than the energy gap.

Fig. 1. SEM micrograph of an NbAu mixer. The NbAu bridge is located between the arms of the
spiral antenna. The Ali cooling pads are part of the antenna. The bar represents 2 pm.

2:0 2.5 3.0 3.5 4.0 4.5

T (K)

Fig. 2. The resistance as a fimction of temperature of the NbAu mixer used for the IF
measurement. Bridge length: 630 nm and width 200 nm.

III IF bandwidth measurements

IF bandwidth measurements are done using a pair of submillimeter sources at frequencies
around 650 GHz. A Miteq 0.1-8 GHz cryo-amplifier is used as the first stage
amplification, followed by a room temperature amplifier and a spectrum analyzer.

The relative conversion gain vs. the IF (the frequency difference between two
coherent sources) has been measured for a few DC bias voltages varying from 0.4 to 0.7
mV and at a bath temperature of 2.5 K. The IF bandwidth measurements together with
the (un)pumped IV curves are given in Fig. 3. The one-pole Lorentzian fit to the data
gives the IF roll-off (IF bandwidth) value varying from 0.4 GHz (0.4 mV) to 1.9 GHz (0.7
mV). Why the IF bandwidth increases by a factor of 5 for increasing bias voltage is not

0
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370



-
4 •

•

Se,

I
P
I 

4a

A 1

1 .

,

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

fully analyzed. Assuming for the highest bias voltage that the measured value is intrinsic,
without the influence of electro-thermal feedback, and that the superconducting bridge
becomes fully normal it should follow the out-diffusion mode15,

IF ro11-0,-- 7012L2

where D denotes the diffusion constant and L the length of the bridge. Having known the
measured IF roll-off and L, we obtain a diffusion constant of 5 cm 2/s for this device, which
is at least a factor of 3 higher than what we obtained in Nb HEB devices (1-1.5 cm2/s).
The higher diffusivity in the Nb/Au bilayer suggests the potential to improve the
bandwidth obtained so far in Nb HEB devices.

fx
,
	OA- 1 4.3

Freq,.4 -yr .(iGHz) V (mV)

Fig. 3. Relative conversion gain as a function of IF frequency (difference between two coherent
RF sources) for 4 different bias voltages (in the left-hand side). The unpumped and pumped IV
curves of the same device with indications of the 4 bias points (in the right-hand side). The LO
frequency in this case is about 650 CH:. The measurements are done at 2.5 K

By simply assuming that the highly conductive Au layer dominates the sheet
resistance (-10 0) of the bilayer, one would expect to have a much higher diffusivity
value than observed. At this moment, it is not yet clear how to derive a reasonable value
for the diffusivity from the resistance of a bilayer or to measure it directly, to compare to
the value from the IT bandwidth measurement.

Iv Sensitivity measurements

The IV curves pumped with different LO powers at 700 GHz have been measured at
temperatures down to 500 m1( using a 3He cooler. No Y-factor could be measured with
our current devices. We largely attribute this to the impedance mismatch between the low
impedance bridge and the spiral antenna. To measure the Y-factor, we have to change the
antenna design to a more suitable twin-slot antenna. A twin-slot antenna can also limit
the RF bandwidth, reducing the direct detection effect in the Y-factor measurement.
Another possible reason is that at the low bias voltages (see Fig. 3), the IF bandwidth is
too low for the standard IF chain (1.5 GHz). It is worthwhile to mention that the recent
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measurement6 of a mixer using a similar bilayer at 30 GHz gives a maximum mixer
conversion gain of an order of —10 dB, suggesting that Nb/Au mixers are indeed
promising.

We also notice that the NbAu devices are more robust against electro-static
discharge (ESD) in comparison with Nb HEB mixers studied in our labs. Several devices
have been measured in both DC and RF setup, showing so far no change of the
characteristics. This feature is important for real application.

V Summary

We succeeded in fabricating spiral antenna-coupled NbAu bilayer mixers. The largest IF
bandwidth measured from a mixer with a 630 nm long bridge is 1.9 GHz, giving a
diffusion constant of 5 cm 2/s for the bilayer. The IF bandwidth also shows a strong
dependence on DC bias voltage.
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Abstract

The direct responses of NbN phonon-cooled hot electron bolometer (HEB) mixers,
integrated with different planar antennas, are measured, using Fourier Transform
Spectrometer (F1S). One spiral antenna and several double slot antennas, designed for
0.6, 1.4, 1.6, 1.8 and 2.5 THz central frequencies, are investigated. The Optimization of
the measurement set-up is discussed in terms of the beam splitter and the F11S-to-HEB
coupling. The result shows that the spiral antenna is circular polarized and has a
bandwidth of about 2 THz. The frequency bands of double slot antennas show some shift
from the design values and their relative bandwidth increases by increasing the design
frequency. The antenna responses do not depend on the HEB bias point and temperature,
as long as the device is in the resistive state.

I. Introduction
Hot electron bolometer (HEB) mixers currently have better performance as heterodyne

receivers at THz frequencies, where SIS and Schottky mixers have worse sensitivity. It
has been shown that NbN HEB mixers have noise temperature about 1011- v lk [1,2], an
intermediate frequency bandwidth close to 4 GHz [1,2], and require few hundreds of nW
local oscillator power [3]. Among many factors, which affect the performance of mixers,
the RF coupling is obviously crucial.

In order to couple the RF radiation to HEB, it is usually integrated with a planar
antenna, which is specifically designed for the frequency of interest. Theoretically, this
type of mixer is expected to operate up to 10 THz and even above. However, as the
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design frequency increases, the size of the antenna decreases and it becomes difficult to
estimate the antenna performance. Therefore it is inevitable to study the antenna
frequency band experimentally. Fourier Transform Spectrometer (FIS) is usually used
for this type of investigation in sub-millimeter range [4,5]

Log periodic spiral and double slot antennas are among the most commonly used planar
antennas in sub-millimeter technology today. In order to characterize these antennas in
THz range, we fabricated a set of NbN HEB mixers integrated with a spiral antenna and
also with different double slot antennas, designed for 0.6 up to 2.5 THz. This paper
presents the measured direct RF response of NbN }MB mixers, integrated with these
antennas, using ti I S.

II. Fourier Transform Spectrometer
The Fourier Transform Spectrometer (made by SPECAC LTD.) consists of a

Michelson interferometer in vacuum chamber with a chopped Hg arc lamp and 50 tun
Mylar output window. The source provides broadband radiation with the maximum
intensity in the visible region, which is blocked by a black 0.2 mm thick polyethylene.
The movable mirror has a maximum span of 200 mm with a minimum step size of 1.25
gm. The HS is operated in a step-and-integration mode with an integration time of I sec.
The measured interferogram is then apodized by cosine squared a,podization function.
Finally the Fourier transform of the apodized interferogram gives the spectrum of the
response. The size and the number of steps determine the resolution and the maximum
frequency of the spectrum. By choosing 200 steps with step size 7.5 im one can achieve
90 GHz resolution up to 10 THz maximum frequency. Figure 1 shows the normalized
measured spectrums, using 10 and 20 am thick Polyethylene beam splitters. In both
cases, Golay cell was used as a detector. The normalized calculated spectrums are
depicted in the same figure. In this calculation, only the Fresnel's equations are used and
the multiple reflections inside the beam splitter are taken in to account [6].

Figure 1. Measured (dashed lines) and calculated (solid lines) spectrums of the output signal from
FTS, using (a) 10 ium polyethylene (b) 20 pin polyethylene beam splitters. A Golay cell was used as a
detector.
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The 10 Jim thick polyethylene beam splitter can be used to study transmission
properties of different materials up to 7.5 THz. For example, figure 2 shows the
transmission spectrum of lmm thick Teflon film. We can see that it is almost opaque for
frequencies above 6 THz.

Frequency, THz

Figure 2. Study of transmission property of a 1 nun thick Teflon sheet. The triangle line is the
response without the Teflon. The rectangle line in the response with Teflon. The solid line shows the
Teflon transmission.

The 20 IL M thick polyethylene beam splitter was used to measure the direct responses of
the HEB mixers integrated with different planar antennas up to 4 THz.

III. Beam coupling
Characterizing the FTS output beam using a Golay cell indicates that it is divergent and

quite wide (a few cm in diameter at the FTS output window). On the contrary, the main
lobe of the receiver's radiation pattern is just few degrees wide [7,8,9] (for detailed
description of the receiver see next section). Therefore, when the 1- 4 1 S output beam was
directly coupled to the receiver, the response signal was very weak and noisy. In order to
enhance the coupling, a parabolic off-axis mirror and a Teflon lense were tested between
the FTS output and the receiver. Golay cell was used as a detector to investigate the
effect of these two focusing tools. As it is shown in figure 3, better coupling was
achieved via the mirror compared to the Teflon lense. By normalizing the curves
(insertion in figure 3), we see that the Golay responses, with and without using the
mirror, have the same spectra. The losses in Teflon cause attenuation above 2 THz. This
indicates that the mirror is more suitable choice for wideband measurements.
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Figure 3. Study of a parabolic off axis mirror and a Teflon lens for collimating the FTS output beam.
In these measurements, Golay cell was used as a detector. The insertion shows the normalized curves.

Iv. Planar Antennas Measurements
The direct responses of NbN hot electron bolometers, integrated with different planar

antennas have been measured. All the devices are made from 3.5 nm thick NbN films,
sputtered on high resistive silicon substrates. The bolometers are 0.4 jim long and 4 gm
wide. The chips were placed on a holder with 12 mm diameter silicon lens and mounted
in a liquid Helium cryostat. The operating point of the device was controlled by DC bias
and heating the mixer holder at the same time. A parabolic off-axis mirror was placed
between the FTS output window and the cryostat. 20 Jim thick Polyethylene film was
used as a beam splitter in the H IS. All antenna measurements were done with 400 steps
and a step size of '12.5 gm for movable mirror. This setting gives 30 GHz spectrum
resolution (before apodization) and 6 THz maximum frequency.
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Two different types of planar antennas have been measured. One is log periodic spiral
antenna and the other double slot antenna. Figure 4 shows a SEM picture of the spiral
antenna. The spiral has inner and outer radii of 10 and 100 pm, respectively. The total
antenna arm length is about 300 tim, which is calculated from its radii and the expansion
rate (3.2 per turn) [10].

DSB Tr (K

0.8

ci 0.6

.9 0.4
zr. "

0.2

0 0.5 1 1.5 2 2.5 3 3.5
Frequency, THz

Figure 5. Normalized direct responses of the HEB, integrated with the spiral antenna. Direction A
and B are shown in figure 4. Small circles show the measured double side band receiver noise
temperatures at different LO frequencies.

The direct responses of the HEB integrated with the spiral antenna were measured with
two different polarization of the incident beam. As we see in figure 5, the response
spectrum of the spiral antenna did not show any polarization dependence. The bandwidth
was about 2 THz, which is in agreement with estimated bandwidth of this type of
Antenna in [11].

Figure 6 shows a SEM picture of a HEB, integrated with a double slot antenna,
designed for 1.6 THz. Similar antennas have been fabricated for 0.6, 1.4, 1.8 and 2.5
THz. In all designs, the slot length (L) is 0.34, the distance between slots (S) is 0.1.7A0
and the width of the slots (W) is 0.02A 0, where Ao is the wavelength at design frequency
in vacuum. The design rule was adopted from [12]. The dimensions of these antennas are
summarized in Table 1. Note that the width of the coplanar line in the middle of the
antenna is 41.tm and the same for all antennas.

377



155 84 10,5

L (gm) S (.1m) W (gm)
••••••.;,:,.:;.:••• •

.111111111111111111■111111111

64

32

50

2.5 THz 38,4 19,2

36

56

28

Figure 6. SEM picture of double slot antenna Table 1. Dimensions of the double slot antennas

Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

The direct responses of the HEBs integrated with different double slot antennas are
shown in Figure 7. The frequencies at which the local maximums and minimums occur
are almost the same for all double slot antennas and also coincide with the strongest
water absorption lines. We observe shifts between the bands of the antennas, designed for
different frequencies. The higher is the design frequency, the wider is the relative
bandwidth. This can be due to the fact that the width of the center coplanar line is the
same in the middle of all the antennas and it is getting more comparable with the antenna
size as design frequency increases (See table 1).

These results give important information about the optical losses in noise temperature
measurements, which are usually done in air. For example in Figure 7(a), we see that
although the antenna is designed for 2.5 THz, the response at 2.5 THz and 1.6 THz is
almost the same. This can be the reason that the double side band receiver noise
temperature of this mixer was measured 1700K, at both 1.6 and 2.5 THz LO frequencies.

Although it is difficult to see the center frequency of the antenna band directly, it can be
estimated by fitting a parabola to the measured curve. Figure 8 shows the measured
curves (solid line with squares) and the fitted parabolas (solid line) for 1.6 and 2.5 THz
antennas. The calculated transmission of 30 cm air at 22°C and 30% humidity with 70
GHz resolution is depicted by the dashed line. Multiplying the parabolas with the
atmosphere transmission factor gives a close approximation to our measured data (solid
line with triangle). The conclusion is that the antenna responses are close to those
parabolas mentioned above. We see that the response is down shifted from the design
frequency, which has also been reported for antennas, integrated with Nb HEBs [4,5].
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The direct responses were also measured at different operating conditions of the
bolometers. The bias voltage was changed between 1 to 4 mV. We also changed the
temperature of the mixer, within the range that the devices are stable and the DC
characteristics of the bolometers were close to when they are used as mixers and pumped
by a local oscillator. For all measured devices, the spectra did not change by varying
either the bias voltage or the ambient temperature. This indicates that the direct responses
are determined by the antenna structures and not by the bolometer operating condition, as
long as it stays within the resistive state.

V. Conclusion
We have succeeded to extend the FTS frequency band up to 7.5 THz by using 10 [tm

polyethylene as a beam splitter. This set up can be used to study the optical property of
material in THz range. For instance the transmission coefficient of lmm thick Teflon
sheet is measured. We see that it is almost opaque above 6 THz.

Our measurements show that the RF bandwidth of the spiral antennas is not strongly
dependent on the radiation polarisation. The direct response of HEB integrated with
different double slot antennas shows that the frequency bands of all antennas are down-
shifted from their design values. Besides, the antenna bandwidth increases with
increasing the design frequency.
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Figure 8. Calculated (solid line with triangles) and measured (solid line with squares) results for 1.6
and 2.5 THz antennas. The dashed lines show the air transmission coefficient. The parabolas (solid
lines) are fitted to the measured curves.

For all measured mixers, changing the bias and temperature of the device, within
resistive state, does not affect the result. This indicates that the measured spectrum is
determined by the antenna response and not the intrinsic response of the bolometer.
However, this might not be the case when the device is heated by a local oscillator (LO)
instead of a heater. The temperature of the bolometer is not uniform when it is pumped
by the LO. Therefore the response of the device might depend on the bias point and the
absorbed LO power.

The interpretation of the antenna RF bandwidth from measurements is strongly affected
by the water absorption. Vacuum measurements are required to characterise the planar
antennas accurately. However, since the noise temperature measurements are usually
done in air, the presented results are very informative.
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ABSTRACT

We present our progress in device fabrication of Nb—A10 x—Nb junctions embedded
into low-loss tuning circuits. These integrated tuning circuits include a NbTiN ground
plane and aluminum or niobium as top conductor materials. The junctions are defined
by electron beam lithography down to areas of 0.4 iim 2 . Instead of a lift-off process we
use Chemical Mechanical Polishing (CMP) of the Si0 2 dielectric insulation to contact
the junction top electrode.

Dipstick IN measurements of devices with RNA products around 15 t2[Ern2 show a
significantly higher gap voltage as compared to previously UV lithography / lift-off
defined devices using otherwise identical fabrication parameters.

I. INTRODUCTION

Our goal is to develop the RIFT Band 2 SIS mixer for the Herschel Space Observa-
tory [1]. The performance goals for HIFI are a mixer fractional bandwidth of 22 %,
while complying to the mixer noise temperature specs of 110 K — 130 K (DSB) in the
allocated frequency band between 638 GHz and 802 GHz. This corresponds to roughly
only seven times the quantum limit hvI2k. Standard all-Nb devices cannot provide this
performance above the Nb gap frequency of 2A/h 700 GHz, so a low-loss tuning cir-
cuit material above the Nb gap has to be used. Although all-normal-conductor material
tuning electrodes consisting of Al yield good-performance devices above 800 GHz [2],
circuit simulations show that it is necessary to use an even lower-loss, superconducting,
material especially for the low end of the targeted frequency band [3].

Because the fabrication of the Nb—A10,—Nb material combination is well-
established and yields highly reproducible and high-quality tunnel junctions and the fact
that the top of our frequency band is well below their theoretical mixing limit 4A/h
1400 GHz, our device design and fabrication baseline is to embed Nb—A10 x—Nb junc-
tions into a integrated tuning circuit with a NbTiN base and Nb or Al top electrode.

As NbTiN is the current choice for superconducting material above the Nb gap fre-
quency, NbTiN thin film deposition techniques have been established for our junction
fabrication and already have been integrated into HIFI Band 2 mixer fabrication in the
past [4].

In order to achieve the performance goal the reproducibility of sub-micrometer-
sized junction areas is the most critical fabrication parameter. Past mixer results and
subsequent analysis show that a photolithographic defined junction area is not repro-
ducible enough for HIFI Band 2 device development as a relative area reproducibility

puetz(a) I 1.0 koeln.de
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Fig. 1: Junction area reproducibility of simple Nb—AI0,—Nb devices
fabricated with our EBL / CMP process

AA/A < 10 % (band center position) for junction areas of 0.5 tm 2 (RF matching) is re-
quired. Therefore we have integrated our electron beam lithography (EBL) / Chemical
Mechanical Planarization (CAP) process scheme, which we developed in parallel for
all-Nb devices, into junction fabrication for HIFI Band 2 mixer [5]. This process has
proven its superior junction definition quality in the past yielding an area reproducibility
complying to above design rule (Fig. 1).

We have decided to use EBL for junction definition while staying with standard
photolithography for the likewise critical definition of the integrated top tuning elec-
trode. We choose to do this because we encountered difficulties in achieving good RF
performance of all-Nb mixers with the dual EBL and CMP process. We were able to
trace the cause back to a resist related contamination problem during deposition of the
integrated tuning top electrode. Good mixer results with photolithographic defined top
tuning electrode reassured us that there is no inherent problem with our EBL / CMP
process.

In this paper we present the current status of HIFI device fabrication at KOSMA and
the advantages of the EBL / CMP process in comparison to our prior purely photolitho-
graphically defined batches.

II. DEVICE FABRICATION

Fabrication begins with the UV300 mask aligner definition of bilayer AZ7212
photoresist window structures on a 25 mm diameter and 285 gm thick INFRASII, fused
quartz substrate. Through sputter-deposition of the metallization layer stack and subse-
quent lift-off these windows define the first half of the RF-blocking filter and
waveguide-probe, the integrated tuning bottom electrode and the EBL alignment marks.
The metallization consists of 350 nm NbTiN (tuning base electrode), 10 nm Au (diffu-
sion barrier for the nitrogen and RIE etch stop, [61), 100 nm Nb 1 (junction base elec-
trode), 8 nm Al (for the A10, tunnel barrier) and 100 nm Nb 2 (junction top electrode)
(Fig. 2). The Al layer is in-situ oxidized in the load-lock in a static pure oxygen atmos-
phere at 1.6 Pa using the Pa . s relationship [7] yielding a RNA product of approximately
15 Q[tm2.
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Then the junction area is defined via EBL in PMMA. Table 1 sums up the relevant
process parameters. The use of an available 1 p.m thick negative tone resist
(MtcRoREsisT ma-N2410) would make a standard SNEP fabrication scheme possible
but only works reproducible down to around 0.8 gm2 junction area [8]. With a thin
(positive tone) PMMA resist a self-aligned lift-off process for junction isolation is not
possible.

Therefore we have integrated our EBL / CMP process into junction fabrication of
our HIFI mixer. This processing scheme is based on the PARTS process [9] in which
the junction isolation is not achieved by a self-aligned lift-off process (SNEP) but
through planarization of a blanket layer of the dielectric material (Fig. 3). For pattern
transfer during R1E, an etch mask is defined by sputter-deposition of 30 nm Al and
20 nm Au into the PMMA features and subsequent lift-off. The Au layer acts as a pro-
tection of the Al towards the alkaline developer during a subsequent photolithographic
process. With this lithography step the area in which the Nb—A10„—Nb-layers are etched
away is confined to the ground plane area of the tuning circuit.

The junction is then etched with several ME steps. RIE of the Nb 2 and Nb 1 layers
is performed with a mixture of CC1 2F2 and NF3 yielding an anisotropic etch behavior,
while an Ar sputter etch is used to remove the Al0„ layer and the Au layer in a multi-
cycle process [2],[4].

After removal of the remaining resist, 900 nm Si02 (tuning dielectric and junction
isolation) is deposited onto the whole wafer with RF sputtering.

resist type AR-P669.04 (PMMA 600k, 4%), ALLRESIST

resist thickness 220 nm

charge dissipation layer 6.5 nm Al sputter-deposited on PMMA

exposure dose 150 — 220 pC/cm2 (proximity effect compensation)

e-beam current 14.0±0.2 pA

removal of Al layer buffered phosphoric acid solution

development time 4 min AR600-56, ALLRESIST

stopper time 0.5 min AR600-70, ALLRESIST

Table 1: Electron Beam Lithography Parameters
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Fig. 3: Schematical explanation of the planarization process

The planarization efficiency during CMP is a function of feature size, with the gen-
erated topography of larger structures being planarized at a slower rate than smaller
ones. This is due to deflection of the polishing pad and is in turn affected by the elastic-
ity of the pad and the applied back pressure during polishing. Applied to our chip lay-
outs this implicates that small features, such as the junction stack and waveguide probe,
planarize faster than the large bond pad features at the other end of the RF-blocking
filter structure. Dielectric thickness of the Si02 in the tuning circuit ground plane areas
determines the end-point during polishing and thus terminates CMP before the contact
area on the bond pad is cleared from the Si0 2 . By defining additional holes in the di-
electric layer during above photolithography contact problems are prevented.

During CMP the quartz wafer is glued onto a two inch silicon wafer with thin film
wax for higher mechanical resilience during the polishing (Fig. 4, right). The CMP
process has been transferred to a dedicated new polisher ([10], Fig. 4, left).

4 — 6 polishing steps are needed to complete the planarization and thinning of the
dielectric each of typically 5 min duration. The remaining dielectric thickness must be
200±20 nm for the integrated tuning circuit to work as designed. End-point detection is
realized by visually checking the color of the isolation dielectric under a microscope
and profilometer measurements across the if structure relative to substrate level. The
removal of the etch mask on top of the junction proves to be a very good additional in-
dicator for clearance of the electrodes and can be performed without leaving any residue
behind.

Fig. 4: CMP setup during processing (left photo) and quartz wafer glued onto a 2" silicon
wafer prior to placement into the polishing head recess (right photo)
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slurry feed

jig rotation

6 ml/min

22 rpm

pad rotation 20 rpm

relative velocity 0.37 m/sec

down force 26 N

olishin pad

Slurry 

14" diam. IC-1000 / SUBA IV stack, RODEL CORP.

ILD1200, diluted 1:4.3, pH = 10.5, RODEL CORP.

wafer surface protrusion approx. 100 pm, DF200 wafer backing, RODEL CORP.

typical bulk removal rate 30 nm/min
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Table 2: Summary of important CMP processing parameters

The CMP process parameters have been adjusted to deliver local planarization of the
junction area and best global uniformity of the tuning circuit dielectric thicknesses. Af-
ter CMP the wafer surface is cleaned with a 2 % NH4OH solution and PVA sponge.
Table 2 sums up important CMP parameters.

Then follows the definition and sputtering of the integrated tuning top electrode, the
missing half of the RF-blocking filter, the bond pad areas and alignment marks for dic-
ing. This is done in two processing steps through UV lithography, sputter deposition of
the metallization layers and subsequent lift-off. At first the Al-based integrated tuning
top electrodes are defined with a 350 nm thick Al layer, supplemented by 70 nm Nb to
eliminate series DC resistance. In the second step a 350 nm thick Nb layer, supple-
mented by 30 nm Au for bond adhesion, serves as the metallization layer for the Nb-
based integrated tuning top electrodes, the other RF-blocking filters / waveguide probe
halves, dicing marks and the bond pad areas of all devices.

To protect the integrated tuning top electrodes and the Al containing RF-blocking
filters, a final UV lithography and lift-off step is needed for RF sputter-deposition of the
400 nm thick Si0 2 passivation layer.

III. DC IN RESULTS

The inclusion of e-beam lithography and CMP into our RIFT mixer fabrication has a
significant impact on device quality. An improvement of device quality is observed in
two areas. First, junction area reproducibility has been significantly improved. Fig. 5
compares the junction area reproducibility of the first EBL / CMP scheme HIFI mixer
batch with a previously defined UV300 / SNEP batch. The results are already close to
those of past development runs with simple all-Nb devices (Fig. 1).

Second, the new process delivers junctions with systematically higher gap voltages
than the old process. In Fig. 6 typical DC IN curves of junctions from both fabrication
schemes but otherwise identical fabrication parameters (e.g. layer stack, RNA product,
junction area) are compared. In this example the EBL / CMP processed device exhibits
a gap voltage increase by over 0.2 mV (Fig. 6, left). In our interpretation the CMP
leaves a very clean interface at the top of the junction electrode, thus enabling a better
thermal contact of the junction to the integrated tuning top electrode and therefore better
cooling of the tunnel barrier. We believe that our interpretation is also underlined by the
fact that the gap voltage spread of a CMP produced batch is narrower when the junc-
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Fig. 5: Improvement in junction area reproducibility of a EE3L / CMP
fabricated batch in comparison to a past UV300 defined batch

tions of two differently processed batches are plotted as a histogram of their gap volt-
ages (Fig. 6, right).

This underlines our past observation that it is very difficult to get a reproducibly
clean junction top electrode interface after lift-off of the junction isolation during SNEP
with embedded trilayer devices. With the UV300 / SNEP-based process we assisted the
critical lift-off through a "short" chemical-mechanical polish on our prototype CMP
setup.

Subgap current levels are not improved by the new process and are still at levels
(Rsg/RN < 8) significantly reducing mixer RF performance. As standard Nb—A10x—Nb
devices of similar RNA products routinely show Rsg/RN ratios of 15 or better we con-
clude that this behavior is intrinsic to embedded trilayer devices of our junction fabrica-
tion. We have indication that the rough NbTiN base layer has an adverse affect on tun-
nel barrier leakage characteristics.

Fig. 6: Systematic increase and higher reproducibility of device gap voltage due to CIVIR Com-
parison of two typical IN curves (left) and histogram of gap voltage distribution (right) at 4.2 K
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Fig. 7: R/T curve of a NbTiN thin film (van-der-Pauw structure), sputtered at an
elevated substrate temperature of 240°C

NbTiN sputtered at an elevated substrate temperature is now available with our new
sputtering machine for next fabrication runs. Van-der-Pauw measurements of NbTiN
sputtered at 240°C show very promising results as they make low resistivity films for
junction fabrication accessible without the penalty of high film stress (Fig. 7).

IV. SUMMARY

We have made progress in device fabrication for HIFI Band 2 mixer by integrating
EBL and CMP for junction definition into the processing scheme. Junction area repro-
ducibility has been greatly improved for junction areas below 1 imn2 and the gap voltage
been systematically increased through our EBL I CMP process.

Itsg/RN ratios still have to be improved to achieve required device performance. We
are narrowing down the cause for our low Rsg/RN ratios.

Fig. 8: Microscope photo of a recently fabricated EBL / CMP device for HIFI
Band 2 mixer development (two junction integrated tuning circuit)
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LOW NOISE CRYOGENIC IF AMPLIFIERS FOR SUPER
HETERODYNE RADIOASTRONOMY RECEIVERS
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Abstract

As part of Onsala Space Observatory instrumentation activities, a 3.4-4.6 GHz
and a 4-8 GHz cryogenic low-noise amplifiers were developed. These amplifiers will
be used as cold IF amplifier for mm and sub-mm wave receivers with SIS and HEB
mixer (Onsala 7 channel 3mm array and APEX projects). The 2-stage 3.4-4.6 GHz
amplifier was fabricated in 7 copies with consistently very similar performance at
12 K ambient temperature as follows: gain 28 dB with 2.8 K noise temperature using
Mitsubishi MGFC4419G GaAs transistor, and 2.2 K noise when tested with Chalmers
InP transistor at the first stage. The 2-stage 4-8 GHz LNA demonstrates 25 dB gain
with noise temperature of 5.0 K with GaAs transistors, 4.0 K with Chalmers InP
transistor at the input stage. These performances are in a very good agreement with
simulations and are believed to be among the best-reported using GaAs transistors.
The amplifiers design was carried using Agilent ADS, HFSS and Momentum CAD
software. The amplifier input circuitry was measured separately and optimised for the
best noise performance, while special care was taken about accurate modelling of
passive components, bond wires and having accurate S parameters at cryogenic
temperature for the transistor. In this paper we present details on the amplifier design,
performances (modelled and measured) and also gain-stability comparison between
GaAs and InP transistor based amplifiers.

Introduction

Millimetre and sub-millimetre wave receivers for high resolution spectroscopy
in radio astronomy are usually of a super heterodyne type; the receiver employs
frequency down-conversion based on superconducting SIS or HEB mixer operating at
4 K or lower ambient temperature; the sky signal transfers to an intermediate
frequency (IF) signal of a few GHz and is amplified by a cryogenic low-noise
amplifier. Nowadays, radio telescope receivers employ IF amplifiers with typically
1 GHz bandwidth centred either at 1.5 GHz or 4 GHz. But with the increasing
interest for sub-mm observations, larger bandwidths are required for broader spectral
line and continuum observations of extragalactic sources. Next generation of IF
amplifiers will have 4 GHz bandwidth or even 8 GHz.
The first LNA presented here is designed for frequency band 3.4-4.6 GHZ [1], and is
to be used as cryogenic IF amplifier for 3-mm wavelength 7 channel SSB receiver to
be installed at Onsala 20m telescope. The other LNA is designed for the frequency
band 4-8 GHz, and will be used as cold IF amplifier for our development of ALMA
band 7 receiver (345 GHZ band) and also for APEX Project (to be built in Chilean
Atacama desert end of 2002, and to be included in ALMA later on). The 4-8 GHz
amplifiers will also be used as a front end for Onsala C band receivers on 20 in and
25 m antennas.
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Amplifier Design
Design was carried out using Agilent ADS [2]. To achieve desirable

accuracy of the modelling, the transistors were simulated using their S parameters at
cryogenic temperature [3], and special attention was paid to develop adequate models
of the passive components (resistors and capacitors). For example, the capacitor
models include the series resistance and take into account series resonance as well as
the first parallel resonance. The model consists of a series R-L-C circuitry with
parallel R-C branch and the values were chosen to fit the manufacturer S-parameters
data. In order to improve the stability and the input match, the bond wires,
connecting the transistor source to the ground, and the resistors in the drain bias
paths, provide the inductive feedback. The bonding wire model was developed using
3D EM simulation Agilent HESS [4].

The most critical part in the design is the amplifier input stage where a 50
Ohm input line (from SMA connector) has to be transformed into a complex
impedance varying with frequency and which should be as close as possible to the
optimum noise match of the given transistors. The input stage uses a low impedance
line, followed by a high impedance line with a tuning stub, to slightly increase the
bandwidth, which is a part of the transistor gate bias line (Figure 1). This input stage
was built as a separate test unit and precise measurement with a TRL calibration
helped us to adjust performance of the entire amplifier for the optimum by changing
the bypass capacitor location (±1 mm). The inter-stage and the output-stage were
optimised for maximum gain, gain flatness and for the output match. The amplifier
uses soft substrate, Duroid 6002, having excellent dielectric constant thermal stability
and the coefficient of thermal expansion matched to that of copper. We use ATC
chip capacitors of 100A series that show low series resistance and behave well at
cryogenic temperature and surface mount series RC31 resistors. All the passive
components are soldered using alloy 80In15Pb5Ag: for the substrate we used alloy
701n30Pb and the transistors are soldered using pure Indium. Bias lines are separated
from the RF lines by a sidewall to avoid oscillations at low frequencies and the box
resonance.

Figure 1. The amplifier block diagram and the input circuitry schematic.
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Figure 2. A: Photograph of LNA 3.4-4.6 GHz (bottom one) with dimensions 65*26 mm and LNA 4-
8 GHz (top one) with dimensions 50*26 mm. B: Magnified view of the input circuitry of LNA 3.4-
4.6 GHZ It consists of a low impedance wide line and a high impedance narrow line. Position of the
capacitors provides a mean of tuning the noise perfortnance. C: Magnified view of a GaAs HEM]' chip
transistor Mitsubishi MGFC4419G. Long bond wires from the source pads to ground provide inductive
feedback and improves stability.

We chose the option of having a cooled isolator at the input of the amplifier. This
facilitates the design of the amplifier input circuitry, its input reflection coefficient is
required to be only less than -5 dB. But the insertion loss of the isolator adds of
about 10% to the noise when connected to the amplifier input.

Results

Two methods were used in our laboratory to measure the noise performance of
the amplifiers: the variable load temperature (VLT) method and the cold attenuator
(CA) method, both employing the Y-factor technique via connecting matched loads
at different temperatures (Thot, Tcoki) at the input of the device, the amplifier under
test (DUT), and to measure the output powers corresponding to the different load
temperatures. As the DUT is assumed to be linear, the two measurement points are
sufficient. The noise temperature T e is then estimated as:

, where
T — Y •

=
Y —1

Y =  hot measured at the output of DUT.
'cold

VLT method (Figure 3) is a direct Y-factor measurement where we used a 50-Ohm
load with a heater installed inside the cryostat on the cold plate and connected to the
input of the amplifier through a short piece of a stainless steel coaxial cable providing
thermal insulation. When the heater is OFF, the load is almost at the ambient
cryogenic temperature 12 K (measured by a precision thermometer), whereas when
the heater is ON the temperature up to 40 K can be reached.
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Figure 3. Variable Load Temperature Method

The CA method employs a cold aftenuator and an external noise source, the noise
diode HP346B with 15 dB ENR, operating together with the noise figure meter
HP8970B. The noise signal from the diode is applied to the input of the amplifier
under test via the precision 23 dB attenuator (Figure 4). By biasing the noise diode,
the signal at the amplifier input can be changed from 50 K (9000 K from the noise
source attenuated by the 23 dB cold attenuator) to 12 K when the noise source is OFF
and the amplifier sees mainly the thermal noise from the attenuator at 12 K ambient
temperature. The use of cold attenuator reduces the effect of the cable connecting the
noise diode operating at room temperature to the attenuator at 12 K; the loss in the
cable and its equivalent noise temperature can be only roughly estimated. The cold
attenuator help also to improve the match of the noise source with the DUT, the noise
diode impedance varies significantly between ON and OFF.

 Cryostat 1\

12K

Attenuators DLIT I Cable
Noise figure

meter

Figure 4. Cold Attenuator Method

The accuracy of amplifier noise temperature measurement was carefully
investigated and estimated for both methods [2] for the given laboratory
measurement setups and is of +0.4 K for the VLT method and +0.8 K for the CA
method. Though being less accurate, the CA method is less time consuming than the
VLT method, it is much more convenient for sweep measurements when optimising
bias voltages. Therefore, results presented below were all taken with the CA method
at cryogenic temperature of 12 K and moreover the few results with the VLT method
are very consistent with the CA measurements.

3.4-4.6 GHz GaAs-based LNA (figure 5) gives 28 dB gain and the noise
temperature of 2.8 K with total power consumption of 12 mW (optimised for the best
noise performance). With a low power consumption of 4 mW, the amplifier has
26 dB gain and the noise temperature of 3.3 K, which is still very good. Replacing
the first stage transistor with Chalmers InP HEMT [3] gives 28 dB gain with lower
noise temperature of 2.2 K and total power consumption of 4 mW.
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Results for 3.4-4.6GHZ LNA at 12K

Freq(GHz)

Figure 5. Simulations and measurement results for 3.4-4.6 GHz LNA: The bottom curves are noise
temperature plots and the upper curves are gain plots. Continuous line is for measurement qf GaAs
MGFC4419G for both stages, dashed line is for measurement of the LNA by replacing the first stage
transistor by Chalmers In]? HEMT The diamond marked line shows simulation results for GaAs-based
EVA, the line with triangles is simulation results for Chalmers InP-based LNA, and the plot with
crosses is simulation results for TRW InP-based LNA.

For the 4-8 GHz, (figure 6) GaAs based LNA gives 26 dB (+1.5 dB) gain and
noise temperature of 5 K with a total power consumption of 15 mW. With a low
power consumption of 4 mW, results are 23 dB gain and 6 K noise temperature.
Replacing the first stage transistor with Chalmers TnP HEMT gives 26 dB gain with a
4.0 K noise temperature and the total power consumption is 4 mW.

Results for 4-8GHz LNA at 12K

5 xix x x xx K x

•
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Freq(G Hz)

Figure 6. Simulations and measurements results for. 4-8 GIL EVA: The bottom curves are noise
temperature plots and the upper curves are gain plots. Continuous line is for measurement of GaAs
AIGFC4419G for both stages, dashed line is for measurement of the LNA by replacing the first stage
transistor by Chalmers InP HEMT The diamond marked line shows simulation results for GaAs-based
EVA, the line with triangles is simulation results for Chalmers InP-based EVA, and the plot with
crosses is simulation results for TRW InP-based LNA
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The amplifier input match S11 is less than —5 dB, as expected, and the output match
S22 is better than —12 dB for the both LNAs. At the cryogenic temperature (12 K),
the measurement of the 14-4.6 GHz LNA together with a cooled isolator gives a
noise temperature of about 3K, with slightly narrower bandwidth, which is still quite
acceptable and within the specifications. The isolator shows almost a perfect match to
50 CI for the frequency range 3.4-4.6 GHz and somewhat worse match outside this
band but still much better to what could be achieved without the isolator. At room
temperature the GaAs-based LNAs have 26 dB gain and 35 K noise temperature for
the 3.4-4.6 GHz band and 24 dB gain and 35-40 K noise temperature for the 4-8 GHz
band respectively.
The agreement between the simulation and the measurement is good, which is in part
due to very accurate models for the transistors extracted by I. Angelov [5]. The
simulations also show that with InP transistors from TRW, the noise temperature
should drop to 1.0 K for the 3.4-4.6 GHz LNA and below 2.0 K for the 4-8 GHz
LNA.

Gain Stability Measurements

A comparison between GaAs and InP HEMT transistors was carried out in order to
estimate their relative gain stability. Two methods were used: the first method uses
the Allan Variance [6-8] while the other method employs the power spectra of the
noise (with FFT) and measures its normalized gain fluctuation value at 1 Hz [9].

A possible source of the gain instability is the variation of the ambient temperature;
the low noise amplifiers under test were mounted on the cold plate of a 2-stage close
cycle refrigerator providing the temperature of 12 K. The cold plate temperature was
monitored continuously, and the temperature fluctuation due to the compressor cycle
(1 Hz) was of about 5 mK; however, this is a lower limit of the measured temperature
variations with fast fluctuations apparently filtered out because of the response time of
temperature sensors; it was found that this has negligible effect on the gain of the
LNA. Moreover no 1 Hz line was seen in the power spectra taken showing that our
set-up is not sensitive to the compressor cycle, as opposed to the results in [8, 9]. The
measurement procedure is described in [9] and employs a stable CW signal of
4.25 GHz, injected into the input of the amplifier with the output power monitored
with a Boonton power detector. The power level was maintained constant to get
20 dBm at the input of the detector. The data was taken every 500 ins and we were
looking at the gain instabilities in a narrow bandwidth around 4.25GHz. To avoid
influence of the setup on the measurement results we calibrated the system alone,
without the amplifiers under test; the calibration shows that it is stable to at least 50 s
(see figure 7), which is sufficient for our tests.
The measurement presented here were taken with GaAs based 4-8 GHz LNA, with
Vd=1.8 V and Id=5 inA for both stages, and the second InP-based 4-8 GHz LNA had
the InP transistor at the first stage with Ic1=0.6 V and Id=3 mA and the GaAs transistor
for the second stage.

Allan variance shows the relation between obtained sensitivity as a function of
integration time. For ideal case when only white noise is present, Allan variance
should follow a 1/T slope (radiometer formula). The different types of noise can be
described by the following expression:
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A var(T)=-- c • T fi ),

where b = -1 is for white noise, b  0 is for 1/f electronic noise, and b = 1 is for low
frequency drifts. With this type of representation, one can easily identify the type of
the noise present, and determine what is the optimum integration time to get the best
sensitivity. This time limit is called Allan Time, integrating more would not give any
improvement and could even degrade the signal to noise ratio.

Allan Variance at 12K

10 100

Time (s)

Figure 7. Solid line is for GaAs based LNA, and dashed line for MP based LNA. Already at is, there
is a loss of integration efficiency and InP-based LNA deviates earlier than GaAs. At 7s 1/f noise
become dominant for both amplifiers.

Figure 7 shows Allan variance plot; already at is there is a loss of integration
efficiency, data points deviate from the ideal 1/T slope. This early deviation could be
caused by some microphonic pickup noise on the LNA bias lines. At about 7s, 1/f
noise becomes dominant, and Allan Variance stays at a constant level, slightly
increasing due to the presence of some low frequency drift.

Taking the power spectra of the noise (with FFT) gives basically the same type of
information as the Allan variance and shows the power spectra of different type of
noises. The expression for the power spectral density of different type of noise is the

for the white noise a = 0, for the electronic noise a = I, for the low frequency drift
= 2.

Figure 8 shows the normalized power spectra of the same data as in Figure 7. 1/f
noise is clearly visible for frequencies < 1 Hz. Then the white noise becomes
dominant for frequencies above 1Hz.
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Figure 8. Normalized noise power spectrum for the same measurement as in Figure 4. Solid line is for
the GaAs based LNA, dashed line is for the InP based LNA.

Here again, it is clearly seen that InP-based LNA has poorer stability than GaAs-
based LNA. The values at 1 Hz are:

b 
GaAs = 8 . 10' Hz---°5 b„ = 15 . 10' HZ -4) 

5

It should be noted that no correction was applied to the data to subtract the
measurement set-up intrinsic instability. Therefore the values above are the total
instability of the LNA and the set-up itself.
Both methods give consistent results, showing that InP-based LNA are slightly worse
than GaAs-based LNA for the gain stability. From Kraus [10], the gain instability
degrades the sensitivity in a total power receiver as:

1  
+(----56)2

B*r G
(57-7 = T

SYS 
*

where Tsys is the system noise temperature, B is the effective bandwidth, t the
integration time, and dG/G the gain fluctuations of the receiver.

From this formula, it can be seen that for a large instantaneous bandwidth or large
integration time, the stability of the receiver becomes an issue. If the LNA gain
fluctuation is negligible compared to other gain fluctuations in the receiver like the
SIS mixer conversion gain, then the LNA should have the lowest noise temperature to
get the lower Tsys and therefore the lower 6T. But if the LNA gain fluctuation is the
dominant source of instability in the receiver, there is a trade-off to look for, and in
some cases it could be worth using the more stable LNA, in spite of a slightly higher
noise temperature.

398



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

Conclusion

3.4-4.6 GHz and 4-8 GHz low-noise 2-stage amplifiers based on GaAs HEMT
transistors were designed and tested as part of our development work at Onsala Space
Observatory. The amplifier design was carried out using Agilent ADS, HFSS and
Momentum CAD and special attention was paid to model the passive components
and the matching circuitry correctly and use accurate cold transistor S-parameters.
The measured performance at cryogenic temperature of 12 K for the 3.4-4.6 GHz
amplifier is 28 dB gain and 2.2 K noise temperature with Chalmers InP HEMT, and
2.8 K with MGFC4419G GaAs REMT. For the 4-8 GHz amplifier, the performance
is 25 dB gain and 4.0 K noise temperature with Chalmers InP HEMT and 5.0 K with
the GaAs HEMT. These results represent the state of the art for these frequency
ranges with the commercial GaAs transistors. The power consumption for optimum
noise performance was in the range of 12-15 mW with GaAs and of the order of
4 rnW with Chalmers InF'; however the GaAs transistors can still be used with 4 mW
power consumption with little performance penalties of 20% noise temperature
increase and 2 dB gain drop.

The gain fluctuation measurement of the HEMT devices shows that GaAs-based
LNA are slightly better than InP-based LNA in term of gain stability. In some cases,
e.g., for receivers using large detection bandwidth or integration time in a single run,
and having gain fluctuations mainly due to the LNA itself, a better receiver
sensitivity could be achieved using GaAs based LNA rather than InP LNA, even
despite having a slightly higher noise temperature.
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INTEGRATED NIOBIUM THIN FILM AIR BRIDGES AS
VARIABLE CAPACITORS FOR SUPERCONDUCTING GHZ

ELECTRONIC CIRCUITS

Matthias Schicke and Karl-Friedrich Schuster
Institut de Radio Astronomie Millimettique (TRAM), 300, rue de la Piscine, 38406 St.

Martin d'Heres, France

Abstract. Superconducting GHz electronics can be improved by variable tuning
circuits. We present a low temperature (< 150°C) process for the fabrication of niobium
(Nb) thin film air bridges as variable capacitors, which can be integrated in Nb
superconducting electronics. These elements can be applied for on-chip adjustment of
filters, resonators and tuning circuits. Measurements and calculations of the electrostatic
actuation of the bridges will be compared.

I. INTRODUCTION

Variable tuning elements are of high interest for all high frequency applications.
Waveguide backshorts are not integrable with planar filter structures, resonators and
other superconducting electronic circuits. Electrostatically actuable air bridges can be
fabricated on the same substrate as the circuits to be tuned. The bridges are actuated by
applying a suitable voltage between the bridge and the ground electrode underneath it as
shown in Fig. 1. Some recent developments on this type of elements, using normal
conductors or silicon, has been presented by Rebeiz and Muldavin [1].

Figure 1. Schematic picture of an air bridge with electrode underneath for electrostatic actuation, a)
without and b) with applied voltage.

In superconducting GHz electronic circuits the air bridges can be used for
impedance matching, e.g. between the intrinsic capacitances of tunneling diodes and
other parts of the circuit. In microstrip technology the air bridges can be implemented as
tunable inductors, which broadens the range of application.
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2. FABRICATION PROCEDURE

Most of the superconducting electronic circuits are based on superconducting Nb.
Compared with galvanically grown bridge layers sputtered Nb air bridges have the
advantage, that the same techniques can be used as for the other parts of the
superconducting circuitry. As is depicted in Fig. 2a, in the first step the sacrificial layer,
which defines the vertical shape of the bridge, is prepared. Here, the photoresist AR-
4000/8 (ALLRESIST GmbH) was used, giving a resist thickness of 5 p.m. Smooth rims
of the sacrificial resist structures are necessary to avoid breaking of the Nb film at the
edges of the structures. To obtain sufficiently smooth edges, the resist was baked in a
convection oven before exposure and after development.

In the second step, the Nb layer was sputtered by DC-magnetron sputtering in steps
of 9 s deposition and 5 min pause (Fig. 2b). The pauses are needed to reduce surface
heating and thus deformation or polymerization of the resist layer.

The widths of the bridges are defined in the third step by a negative tone photoresist
mask. For a good coverage of the structures, we used the same thick resist AR 4000/8
with a reversal process. Through this resist mask, which covers the surface of the Nb
bridges, the non-covered parts of the Nb layer were etched by PIE (Reactive Ion
Etching) as shown in Fig. 2c.

In the final step, the resist was washed away in 70°C hot acetone (Fig 2d).

Figure 2. Fabrication process for sputtered Nb air bridges.

Air bridges with 200-700 nm thick Nb layers were fabricated with a typical length
of 100 [tm and widths of 50-300 p,m (Fig. 3). The sputtered Nb films show tensile stress
of 10...30 MPa. We tentatively explain this phenomenon with the expansion and
shrinking of the sacrificial resist layer during deposition and cooling time, respectively.

Figure 3. Nb air bridges, 5 lam high, 100 tm long, 100pan and 200 1.1M wide. The Nb film is 700 nm
thick (240 nm in the inset). The inset shows the bending of the bridge layer and the reduced height due to
stress in the Nb film.
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Due to this stress, the released bridge shows a saddle structure (see inset of Fig. 3). This
effect is more pronounced for thinner than for thicker Nb films and raises the zero-
voltage capacitance of the device. Hence the zero-voltage capacitance can be adjusted
by RIE of an initially too thick bridge layer. The Nb electrode underneath the bridge is
produced with a standard lift-off process prior to the bridge fabrication.

3. PROPERTIES

Recent measurements on air bridges with 200-260 nm thick Nb bridge layers gave very
promising results. These bridge layers were originally 330 nm thick before being
thinned by R1E. The electrode underneath the bridge was covered by an AN layer as a
protection against RIE during the bridge layer etching. In the graph of Fig. 4 the
measured voltage dependence of the capacitance is displayed for different bridges that
are 100 gm long and 100 tim wide. Variations in the zero voltage capacitance can be
explained by differences in the bridge height as described before. Standard formulas,
found e.g. in [2], were used for the calculation of the mechanical behavior of air bridges
with fixed ends. The deflection of the bridge was assumed to be parabolic and was
iterated until the bending force was in equilibrium with the electrostatic force. In order
to take into account the increased stiffness due to the saddle structure of the bridge
layer, the calculations were done with an effective bridge layer thickness they, being
four to five times the Nb film thickness. Without applying a voltage, close to the posts
the bridges were higher (hp) than in the middle (h) • Taking the Young modulus of bulkin
Nb (E = 105 GPa) and the mechanical parameters as indicated in the table, the theory
confirms the measured values (Fig. 4). In the upper voltage region of some measure-
ments the capacitance raised stronger than calculated with raising voltage. This effect
can be explained with a flop-in effect of the saddle structure. An increase of more than
10% in capacitance was achieved applying 45 V. With improved geometries it seems
possible to reduce this voltage to below 10 V.

30 0
10 20 30 40 50 60 70 80

voltage [V]

Figure 4. Graph: Measured voltage dependence of the capacitance for different air bridges. The lines are
calculated taking the parameters given in the table. The height at the posts and in the center of the bridge
are given by hp and hm , respectively. The thickness of the AN on top of the electrode layer is named thAiN,
whereas theff is the effective thickness of the bridge layer. The width of the electrode underneath the
bridge is called wet.
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4. CONCLUSIONS

Variable capacitors in surface mounted air bridge technology were fabricated with
sputtered Nb for integration with superconducting electronic circuits. The measured
voltage dependence of the capacitance corresponds with calculations and shows a 10%
variability of the capacitance at 45 V. With improved geometries it seems possible to
reduce this voltage to below 10 V. For 50...300 fA,M wide and 100 gm long air bridges
capacitance values of 15...100 IF can be achieved. Further developments will include
reduction of stress in the bridge layers.
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Abstract: The performance of a five-junction (Nb/A10xNb) array is characterized in

the frequency range of 780-950GHz for different wiring and ground layers of the

thin-film tnicrostrip lines of the junction tuning inductance and the associated

impedance transformer. Three kinds of thin films (i.e., Nb, Al, and NbTiN) are taken for

this investigation. The individual SIS junctions of the five-junction array have an area of

1 ,tni2 and a critical current density of 10kA/cm2 . The performance of parallel-connected

twin junctions, which have the same junction parameters as those of the five-junction

array, is also studied for comparison.

I. Introduction

As is well known, it is effective to enlarge the bandwidth of SIS mixers by

increasing the critical current density of the SIS junction or adopting broadband mixing

circuitry. However, the higher the junction's critical current density J, is, the lower the

junction quality (i.e., smaller Rs11b(2mV)/R11) becomes. SIS junctions of a small quality

factor usually have low mixing conversion gain and high noise temperature, especially

at submillimeter wavelengths. Hence it is of particular interest to develop submrn SIS

mixers with low-J, junctions (say less than 10kA/cm2 for Nb ones) incorporating with

broadband junction tuning circuitry. Distributed junction arrays have demonstrated

broadband performance at frequencies below the gap frequency (-680GHz) of Nb SIS

junctions [1-2]. It still remains unclear, however, whether they can perform well beyond

the junction's gap frequency as far as the thin-film losses of the junction tuning

inductance (longer than lumped cases) and the associated impedance transformer

(usually with larger impedance transforming ratio [3]) are concerned.

To develop a 780-950GHz SIS mixer, we investigated the performance of a

five-junction (Nb/A10x/Nb) array and compare it with that of parallel-connected twin

junctions. Different superconducting and normal-metal thin films such as Nb, Al, and

NbTiN were adopted as the wiring and ground layers of the thin-film microstrip lines of

the junction tuning inductance and the associated impedance transformer. We also
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examined the effects of the junction quality and film thickness on the mixing

performance of the two investigated tuning circuits.

II. Simulation Model

For both the five-junction array and the parallel-connected twin junctions, the

individual SIS junctions were assumed to have an area of 1ptrn2 and a critical current

density of 10kA/cm2. Note that the junction's specific capacitance and product of I 
cRn

were taken as 90fF/pm2 and 1.95mV, respectively. We had two junction I-V curves of

different quality factors, which were digitized from the real I-V curves of two SIS

junctions (refer to sisiv-1 and sisiv-2 in Fig. 1). An impedance transformer was included

for the two cases to have good RF matching between the junction tuning circuit and a

real mixer block for 780-950GHz (scaled from a 660-GHz one [4]), whose embedding

impedance (normalized to 35ohm) was calculated by HFSS [5] (refer to Fig. 2).

(sisiv-I and sisiv-2) used for simulation. for a 780-950GHz SIS mixer

The mixing model of the five-junction array and parallel-connected twin junctions

used here is almost the same as described in [1], except for the introduction of the loss

effect of thin-film superconducting microstrip lines. At first, we calculated the local-

oscillator (LO) voltage, including amplitude and phase, distribution among the

individual SIS junctions, by assuming a fixed reduced LO voltage (a) for the last

junction (according to the signal transmission direction). The equivalent conversion

admittance matrix [Y] for the junction array was then obtained by combining the

conversion admittance matrixes of the individual SIS junctions with the equivalent

lumped impedance and admittance for the tuning microstrip line between two individual
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junctions. We had the equivalent noise correlation matrix [H] for the junction array by

transforming the noise currents (thermal and shot, at different small-signal sidebands) of

the individual junctions to the input port of the junction array and then having an

equivalent short-circuited noise current at the input port for all the noise contributions.

With the equivalent mixing model, it is straightforward to simulate the performance of

the junction array by means of the quantum theory of mixing.

As introduced before, three kinds of thin films (i.e., Nb, Al, NbTiN) were selected

as the wiring and ground layers of the thin-film microstrip lines of the junction tuning

inductance and the associated impedance transformer. Nb and NbTiN thin films had an

energy gap and normal-state conductivity of A=1.45mV  o-n=1.4e7Q-1m-1 (@

9.2K) and A=2.47mV & o- 1=1.0e6fi lm-1 (@ 20K) [6-7] respectively, while Al films had

a ratio of cifie=2.55e150 -1 m-2 [8]. The surface impedance of Al films was calculated

according to Reuter-Sondheimer equation (nonlocal anomalous skin effect) [9], while

those of Nb and NbTiN films according to Mattis-Bardeen theory [10]. The dielectric of

the microstrip lines for the tuning inductance and impedance transformer had three

layers, i.e., Al203/Si02/Nb205 , which have respective dielectric constants and

thicknesses of 9/0.09pm, 4/0.2711m, and 29/0.10pm (based on the fabrication process of

Nb SIS junctions at Nobeyama Radio Observatory, Japan).

Given the fact that the effect of the spreading inductance around the SIS junctions,

which is comparable to the junction tuning inductance at submm wavelengths, is no

longer negligible, we assumed a short section of microstrip line (lossless, but with the

same width as the tuning inductance) before and after each individual SIS junction as an

equivalent spreading inductance [11]. For the simulated cases (5pm-wide tuning

inducatnce and 1pm-wide junction), the length was found to be 0.7 m in terms of the

modeling results for the 660-GHz SIS mixer (1pm) [12].

Simulation Results
Assuming an IF noise temperature of 15K and an SIS I-V curve as sisiv-2

(R„=8.88ohm, figap=2.71mV, and R 511b(2mV)/Rn= 10.4), we firstly simulated the receiver

noise temperatures (SSB) of the five-junction array and parallel-connected twin

junctions for 780-950GHz. Here we investigated five instances of different

ground-/wiring-layers for the thin-film microstrip lines of the junction tuning inductance

and associated impedance transformer, which are NbNb, Al/A1, NbTiN/NbTiN,

NbTiN/A1, and Nb/A1, respectively. Notice that the Nb and Al films were assumed to be

0.6pm thick for the wiring layer and 0.2 m thick for the ground layer, while the NbTiN

film 0.6pm thick for the wiring layer and 0.3pm thick for the ground layer. The

calculated results are shown in Fig. 3a-b. It should be pointed out that for each instance,
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both the impedance transformer (width and length) and the tuning inductance (length

only, of a fixed width of 51.1m) were optimized for the lowest receiver noise temperature

and the largest bandwidth (refer to Fig. 3), and the LO pumping level of the last junction

was optimized at each frequency with all the individual SIS junctions dc-biased at a

fixed voltage of 2mV.

Fig. 3 Simulated receiver noise temperature as a fimction qffrequency (with sisiv-2)

for Nb, Al, and NbTiN tuning circuits, with a) for parallel-connected twin junctions

(left) and b) for five-junction array (right).

We can see clearly from Fig. 3a-b that for all the simulated five instances, the

five-junction array has a large bandwidth but a high receiver noise temperature in

comparison to the parallel-connected twin junctions. The difference of the receiver noise

temperature, however, becomes smaller for the instance with all NbTiN films, even for

the instance just with a NbTiN film for the ground layer. Obviously, while having good

bandwidth performance, distributed junction arrays still can have good noise

performance beyond the junction's gap frequency if low-loss thin films (either

superconducting or normal metallic) are adopted for the junction array's tuning

microstrip line. It is also interesting to indicate that for both the five-junction array and

the parallel-connected twin junctions, the instance of the Al/A1 combination has much

better noise performance than the Al/Nb one while the difference is not large between

the NbTiN/A1 and the NbTiN/NbTiN combination.

As the magnetic penetration depth of NbTiN superconducting films (-220nm) is

much larger than that of Nb films (for all Nb junctions we used to have 200nm-thick

ground layer), it is necessary to examine the effect of the thickness of the NbTiN ground

layer on the mixing performance. Fig. 4a-b shows the simulated receiver noise

temperature for the five-junction array and parallel-connected twin junctions for three

different thicknesses of the NbTiN ground layer (i.e., 0.2, 0.3, and 0.4iim). Obviously,

the frequency response of the receiver noise temperature does not change considerably
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when the thickness is larger than 0.3p,m.

Fig. 4 Simulated receiver noise temperature as a finction offrequency (with sisiv-2) for

NabriN tuning circuit of diffërent ground-film thicknesses (0.2, 0.3 and 0.4 on), with a)

for parallel-connected twin junctions (left) and b) for fivejunction array (right).

By simulating the performance of the five-junction array and parallel-connected

twin junctions with a new junction I-V curve of a larger quality factor (sisiv-1, also

plotted in Fig. 1, R n=6.52ohm, Vgap=2.72mV, and R5ub(2mV)/R20.6), we tried to

understand how the noise performance of distributed junction arrays changes with the

junction quality. Three instances, i.e., Nia/Nb, Al/A1, and NbTiN/NbTiN combinations

for the ground-/wiring-layer, were selected for this investigation. As demonstrated in

Fig. 5a-b, the receiver noise temperature was improved significantly, especially for the

instance of the NbiNb combination. It has been found that the improvement is due

mainly to that of the mixer noise temperature as the mixer conversion gain varies less

than ldB.

Fit% (tail)

Fig. 5 Simulated receiver noise temperature as a function offrequency with d(fferent

I-V curves (sisiv-1: solid & sisiv-2: dash) for Nb, Al, and NbTiN tuning circuits , with

a) for parallel-connected twin junctions (left) and b) for five-junction array (right).
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Iv. Summary
The performances of a five-junction (Nb) array and parallel-connected twin

junctions (Nb) have been thoroughly investigated in the frequency range of

780-950GHz for the Nb, Al, and NbTiN wiring and ground layers of the thin-film

microstrip lines of the junction tuning inductance and the associated impedance

transformet It has been found that the five-junction array has a large bandwidth in

general over the parallel-connected twin junctions and a comparable receiver noise

temperature when employing NbTiN films. In addition, the receiver noise temperatures

of the two junction tuning circuits with NbTiN films are less sensitive to the junction

quality than with Nb films.
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Abstract

A sensitive heterodyne spectrometer employing a superconducting local oscillator is
demonstrated experimentally for the first time at 327 GHz. The research is continuation
of the study on the concept of a superconducting integrated receiver (SIR). The sensor
of the phase-locked receiver comprises a quasioptical double-dipole antenna SIS mixer
(T 

:z 
250 K, DSB), a Josephson-type flux-flow oscillator (FF0) and a twin-SIS

harmonic mixer, all integrated on the same silicon chip of size 4 mm by 4 mm. An
elliptical silicon lens is the only optical element focusing the beam. Room temperature
PLL electronics is used along with a synthesized reference source at about 10 GHz. The
effective bandwidth of the PLL circuit of about ± 10 MHz and the hold range of
± 2.5 GHz are estimated experimentally while locking at 32-th harmonic of the
reference source. It was found that the optimum pump current of the SIS mixer can be
adjusted within the range of 14...42 pA simply via change of the bias current of the
FFO while it stays locked. The signal from a room temperature semiconductor harmonic
multiplier driven by a second synthesizer is used to test the spectrometer; the spectral
resolution as low as 10 kHz is estimated. The effect of broadening of a spectral line of
SO2 gas at 326867 MHz is measured for a laboratory gas cell at 300 K within the
pressure range of 0.03-0.3 mbar demonstrating feasibility of the PLL SIR.

Introduction

Sub-millimeter wave spectrometers are currently of great interest for radio astronomy
and for earth study by monitoring the atmosphere chemistry. Most of advanced
spectrometers nowadays employ ultra-low noise SIS mixers at the temperature of liquid
helium. A sensor of the SIS mixer is a thin-film integrated circuit fabricated with
micron accuracy so the tiny circuit may contain many SIS junctions. In contrast,
conventional local oscillators used with SIS mixers are room temperature
semiconductor devices (usually a Gunn oscillators in combination with multipliers).
This fact makes impossible integral packaging of the whole receiving system,
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Josephson oscillators are devices fully compatible with technology of SIS mixers.
There is a 1-microWatt level (moderate-power) type of Josephson junction oscillators,
flux-flow oscillator (FFO), which is proven to be suitable for integration with a low-
noise SIS mixer as a local oscillator (LO). Among the Josephson devices FFO has also
an advantage of good tuneability in combination with relatively narrow free-running
linewidth. Recent experimental study on phase-locking FFO up to 700 GHz [1] is the
good support for the development of practicable submillimeter spectrometer. This paper
deals with recent progress on experimental study of superconducting integrated receiver
(SIR) with phase-locked (PL) FFO.

1. Chip design and measuring system

The microphotograph of the PLL SIR chip for 320-370 GHz band is presented in
Figure 1. The equivalent scheme of the experimental chip containing the double-dipole
single-junction SIS mixer, PLL feedback FFO and harmonic mixer (x35) is presented
elsewhere [2,3]. A twin-SIS junction is used for the harmonic mixer, and there is no
magnetic field supply, so the harmonic mixer is operating in the "mixed" mode
employing both Josephson and quasi-particle nonolinearities. Figure 2 presents the
general view of the pixel with three coaxial cables mounted. The microwave lens from
silicon with antireflection coating is clearly seen. The chip mount is placed inside a
magnetic shield as described in [4]. The block scheme of the experimental setup is
described elsewhere [5]. We note here only that the phase detector system and the
reference source are room temperature devices outside the cryostat.

2. Experimental results and discussion

The experimental devices are produced using our standard procedure developed for
integrated receivers and described elsewhere [6]. The preliminary test of device at dc is
performed using computer control measurement system IRTECON [7]. The test results
are presented in Figure 3 as a quasi-3D graph of the mixer pump on all possible regimes
of the FFO. Similar graphs are created for both SIS mixer and HM. The fact that the
largest pump is achieved for SIS mixer and HM at a bit different frequencies, may mean
some imbalance in the power split. This is possible for our microstrip T-junction splitter
due to deviations in the fabrication process. Another important feature of the device is
absence of Fiske steps within certain region below the boundary voltage of Vg/3. The
permanent tuning is available in this region. This unusual behavior, which would mean
normally high damping of the FFO caused by losses, can be explained here by very low
reflection at the end of the long junction provided by the well matched output circuit.
The phase-locking within such region of high damping is known to be difficult due to
the wide initial linewidth associated with relatively high dynamic resistance [5].

The TV-characteristics of the twin-SIS harmonic mixer (ITM) are presented in
Figure 4. To obtain the optimal performance of the HM, it has to be pumped heavily
that turns its IV-curve almost into a straight line. The IV-characteristic of the single-
junction 515 mixer demonstrates no essential influence of the reference source at
10.1 GHz. The only effects seen when the reference source is switched on and off are
partial suppression of the critical current (when FFO is off) and negligible change of the
quasi-particle current (when pumped).
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The Fourier transform spectrum (FTS) of the SIS mixer is obtained using
Michelson interferometer and presented in Figure 5. The main peak of coupling is
essentially narrower and higher in frequency than one predicted [2]. Careful calculations
demonstrate that this effect can be explained by thinner insulation (190 nm instead of
250 nm). The inverse values of experimental heterodyne data (T, -1) are plotted at the
same graph demonstrating good fit to the FTS.

The heterodyne data were measured using standard hot/cold technique. The
heterodyne response of the receiver is presented in Figure 6. Note that peak of the best
sensitivity is within the region of high dynamic resistance of FFO that was discussed
above. The emission spectrum of the free-running FFO measured at this frequency is
quite wide being affected by the fine resonant structure that is typical for a rectangular-
end FFO [8]. For this reason the left peak of FTS from Figure 5 was used for
spectrometer operation. The IV-curve of FFO phase-locked at 325.5 GHz is presented in
Figure 7. The oscillator is locked at 32-th harmonic of the reference source
(fREF = 10158.35917 MHz) assuming that the spectral line (f2 = 326867.5 MHz) will be
present at upper sideband (USB) relative to the frequency of the LO. The part of the
IVC is magnified and presented in the inset demonstrating loosing and restoring of the
locking regime. To obtain these data the bias current was changed manually within wide
range while the feedback loop remained closed. The vertical portion of the curve
presents the regime of nearly fixed frequency. The real PLL regime remains within the
bias current range of 37...43 mA while the frequency lock is possible within range of
27.5...43 mA. The PLL regime initial parameters are: the control line current 25.2 mA,
the bias current 40 mA, the bias voltage of FFO about 673 pV, PLL IF = 401 MHz, the
dynamic resistance of the IVC, Rd = 0.0015 Q. The hold range of ± 2.5 GHz can be
estimated from the experimental data. The IV-curves of the SIS mixer pumped at
325.5 GHz by the phase-locked FFO are presented in Figure 8. The data are
demonstrating possibility of adjustment of LO power to its optimum value via changing
the bias current of the FFO while it stays phase-locked. To estimate the resolution of the
spectrometer, the external signal source was used. The signal from synthesizer was
applied to an external Schottky diode harmonic mixer, which worked as a multiplier
producing a stable CW signal. The width of such spectrum, which has to include all
system instabilities, was found of order of 10 kHz.

The photograph of our experimental setup for the spectral line detection is
presented in Figure 9. The 1-meter gas cell was filled initially with SO 2 gas at pressure
of a few mbar. Then the cell was pumping down to desired pressure within range of
0.03-1mbar. To be sure that the system is tuned properly, the test with the external
harmonic mixer was performed prior to the gas line detection. The example of a SO 2 gas
spectrum obtained using AOS is presented in Figure 10. The experimental data taken for
different pressure were processed using Lorenz fit. The effect of the linewidth
broadening is presented in Figure 11.

Conclusions 

The superconducting spectrometer on the base of an externally phase-locked
superconducting Josephson oscillator has been developed and demonstrated the
capability of detection of low-pressure atmosphere contaminant like the SO 2 gas, which
is the side product of metallurgy industry. The resolution of the spectrometer, according
to the gas cell measurements, is not less than 1 MHz and can be as good as 10 kHz, as it
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is demonstrated with CW source. To realize full potential of the new device, further
improvements on both design and operation of FF0 and coupling circuits are necessary.
This study provides an important input for future development of a balloon-based 500-
650 GHz integrated receiver for the Terahertz Limb Sounder (TELIS) scheduled to fly
in 2004-2005.
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Fig. 1 Micro-photograph of the chip of the superconducting integrated receiver with
phase-locked Josephson oscillator. The chip size is 4 mm by 4 mm. Contact pad
destinations: (1), (2) SIS mixer bias / IF out; (3), (4) SIS control line; (5) bias for
balanced mixer (optional); (6)-(8) reference signal input and bias input for harmonic
mixer; (9), (11), (12), (14) FFO bias; (10), (13) FFO control line; (15)416) harmonic
mixer control line; (17)-(18) SIS multiplier control line (optional); (19)-(20) SIS
multiplier bias (optional); (21)-(27) test structures; (28) spare FFO grounding.
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Fig. 2 General view of PLL SIR pixel. The mount of the imaging array is adapted.
Three cables are connected to i) SIS mixer for IF/dc-bias, ii) FFO for PLL feedback,
iii) harmonic SIS mixer for reference/PLL-IF/dc-bias.

Fig. 3 Quasi-3D graph of the mixer pump on all possible regimes of the FFO.
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Fig. 5 Experimental FTS and heterodyne data along with best fit of calculated coupling
between the antenna and the detector SIS junction.
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Fig. 6 Receiver heterodyne response at IF = 1.4 GHz and IV-curves of SIS mixer
pumped by free-running FFO at about 385 GHz.
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Fig. 7 TV-characteristic of FFO phase-locked at 325.5 GHz. The part of the IVC is
magnified and presented in the inset demonstrating loosing and restoring of the locking
regime for the PLL loop remains closed.
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Fig. 8 IV-curves of SIS mixer pumped by phase-locked FFO. The pump level is being
adjusted via simply changing the bias current of FFO while it stays phase-locked.

Fig. 9 General view of the gas cell setup.
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Fig. 10 Spectral line of 502 gas at pressure 0.03 mBar detected by superconducting
integrated receiver with phase-locked Josephson oscillator (FF0). The data are
processed using acousto-optical spectrometer.
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Fig. 11 Effect of broadening of SO 2 gas spectrum at 326.867 GHz measured by PLL
superconducting integrated receiver.
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1 ABSTRACT
We describe the control system of SMART (Submillimeter Array—Receiver for
Two—Frequencies), KOSMA's 490/810 GHz array receiver. All major electronic
functions of the instrument such as mixer bias, magnetic field, PLL, and IF
processing can be controlled either by computer or manually. The computer also
monitors important status information.

Based on the hardware control system a procedure to automatically tune the
array receiver has been developed. The automatic tuning is necessary to increase
the duty cycle of the receiver and to avoid mistakes from manual operation of
the complex tuning procedure.

To tune the 16 SIS (Superconductor-Insulator-Superconductor) receiver chan-
nels, many parameters have to be optimized. Especially the magnetic field, which
is applied to the junctions to suppress excess mixer noise caused by the Josephson
effect, is very important and can not be set from look-up tables. An algorithm
was developed to measure the relation between the strength of the Josephson
effect and the applied magnetic field for each junction. Based on these data,
the algorithm automatically finds and sets the optimum field strength and mixer
bias.

2 INTRODUCTION

SMART, KOSIVIA's 490/810 GHz array receiver[1] currently consists of 8 SIS
receiver channels. It has been installed in September 2001 on the KOSMA
telescope[2] and has been operational since then. It will be upgraded to 16
channels in 2002, resulting in a 2 x 4 beam pattern on the sky, which is cov-
ered simultaneously in two frequencies. Besides the automatic mixer tuning its
design includes innovative features like Fourier-gratings[3] for the local oscillator
supply, integrated optics[4], and compact bias- and IF-electronics[51.

Although SMART is an array receiver, each of the channels has to be tuned
individually, only the local oscillator tuning is done for each frequency channel
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(i.e. for 4 to 8 mixers) at a time. In addition to the tuning algorithm and
software, the automatic tuning requires specially designed hardware.

3 HARDWARE

Figure 1: Schematic drawing of the receiver electronics. Shaded boxes are
computer controlled.

Figure 1 shows the main elements of the electronics: the magnetic field control,
in whichthe mixer bias measurement and control system and the IF-processor,

the IF total power measurement is integrated.
The magnetic field control gen-

erates the current to establish a
magnetic field which is applied
to the junction to suppress the
Josephson current (Figure 2) with
its associated noise.

The mixer bias control unit is
the primary power supply for the
junctions. Additionally, their IV
characteristics can he measured
\vith this device. Figure 2: Josephson current

The IF-processor amplifies and netic field (theoretical curve).
converts the IF signal of the junc-
tion. With this system we can also

versus mag-
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Figure 3: Photograph of the SMART elec-
tronics rack containing magnet supply (be-
neath the oscilloscope), bias box, IF proces-
sor, two synthesizers, computer interface box
and the control computer on the bottom.

as conversion curves are logged as housekeepi
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measure a total power IF signal for laboratory and astronomical operation. In ad-
dition a 5 bit attenuator is integrated for each channel. A zero switch and a comb
generator can be used for dark current measurements and frequency calibration
of the acousto-optical spectrometer backends (AOS) [6_.

An address bus connecting all units including the PC makes sure that all
measurements and all modifications always refer to the same channel to avoid
confusion.

3.1 RECEIVER RACK
The receiver rack contains all the
major electronics subsystems of
KOSMA's array receiver. To auto-
matically tune the receiver, a con-
trol PC has been set up, which is
connected to all other subsystems
through the PC interface. Using
this interface the PC can read out
all analog values of all channels
directly. A 64 channel Analog-
Digital-Converter card in the PC
converts these values. The PC
can also change all parameters in
the subsystems to tune the junc-
tions. All signals needed for this
process have to pass the PC in-
terface, where a manual/remote
switch controls whether the PC
is connected to the subsystems or
not. Using this switch the PC
can be put "offline" , so the re-
ceiver can he tuned manually or
pretuned values can he finetuned
by the user. After this operation
the computer can be turned "on-
line" again.

The control PC runs under
LINUX, which ensures reliable op-
eration. All functions can be re-
mote controlled through an Ether-
net link. Additionally, changes of
parameters and IV-curves as well

ng data.
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3.2 ADDRESS BUS

bus driver

Figure 4: Schematics of the address bus.

An important part of the electronics system is the 5 bit address bus, which
is connected to all subsystems including the PC interface. Each receiver channel
is addressed by a unique number. Only the parameters of the channel selected
in this way will be displayed and changed. This address can be set either by the
PC or manually through any one of the control boxes. To avoid noise pickup
from other telescope systems, a bus driver for each bit has been set up. Also the
system avoids inconsistencies in case two or more subsystems attempt to set a
channel, because all setting devices will read back the selected channel address.

3.3 DIGITAL POTENTIOMETER
One of the major requirements of the electronics was to give the operator the
chance to correct or retune all parameters manually. This is useful for debugging
and was needed to develop the algorithm for the automatic tuning. To ensure
that both the operator and the computer can manipulate the same values, the
digital potentiometer has been developed. A digital counter stores the value for
each channel. It is connected to a DAC, which produces the desired voltage. Be-
sides the advantage that the value can be manipulated either manually or under
computer control, the voltage is independent of analog signals out of the com-
puter so they are more immune against noise contamination from the computer
hardware.
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Figure 5: The digital potentiometer.

4 TUNING ALGORITHM
The tuning parameters are the local oscillator frequencies and pump levels, the
mixer bias and the current for the magnetic field, which suppresses the Josephson
current. LO tuning is done manually since it requires moving backshorts and it
only needs to be done once per frequency.

Set bias point

Set bias point

Figure 6: Flow diagram of the tuning algorithm to tune bias voltage and mag-
netic field current.

Figure 6 shows a flow diagram of the algorithm to tune the bias voltage
and magnetic field for one receiver channel. In order to minimize the receiver
temperature the noise caused by the Josephson current has to be measured. This,
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is done by scanning the conversion curve near the Shapiro step. So, initially, the
bias point has to be set to that special voltage.

After that the optimum magnetic field strength to suppress the Josephson
current has to be found. In general, a look-up table will provide a few rough
estimates of suitable magnetic field coil currents. In this case a finetuning algo-
rithm will optimize the current locally. If no table is available, or the values in
the table are not good enough, a complete magnetic field scan is taken.

For tuning reasons the bias point was set near to the Shapiro step, where the
conversion reacts very sensitively to a mistuned magnetic field. The optimum
bias point for astronomical measurements is more robust and can be chosen from
tabulated values.

(a) Two magnetic field scans in different
directions. A shift is visible which occurs
due to the hysteresis of the field coil's iron
core.

(b) Magnetic field scans measured on dif-
ferent days. There are remarkable Changes
so a tuning algorithm based on lookup ta-
bles can not be used.

Figure 7: Hysteresis and statistical effects of the magnetic field scans.

4.1 SETTING THE MAGNETIC FIELD
The main problem when tuning the receiver, is the setting of the magnetic field,
which suppresses the Josephson noise, since the field required is not always re-
producible due to external and statistical effects. Therefore magnetic fields can
not be tuned by using a look up table. The correct magnetic field strength has
to he calculated by measuring the IV-curve or the conversion curve.

As can be seen in figure 7 there are several kinds of disturbances (e.g. frozen
flux, hysteresis) which have to be managed to find the optimum magnetic field
current. First of all, hysteresis of the magnetic field leads to a shift between scans
in different directions (Figure 7a). Changes in the magnetic environment may
change the required field in a non-predictable way (Figure 7b).
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To set the magnetic field to its optimum value the noise contribution by the
Josephson current has to be estimated very precisely. This can be performed
either by measuring the Josephson current on the IV-curve or the excess noise on
the conversion curve. Using the conversion curve gives more precise information
so this method is used for tuning.

The measured magnetic field scans are evaluated automatically in order to
get the optimum magnetic fields for the junction. This is done by an algorithm
which searches for minima and maxima separately (see Figure 8) and classifies
the minima according to their expected usefulness in order to establish a new
look-up table as input for the finetune algorithm.

2000

1500
r.,11

4E'
ED_

0 1000

_C
Q.

(I)0

500

-40 -30 -20 -10 0 10 20 30 40
Magnet current [mA]

Figure 8: Magnetic field scans. Outlined are the fitted minima. The Josephson
noise was measured via the Josephson current in the IV-curve (blue line) or the
excess noise on the conversion curve (red line). The algorithm finds minima in
both cases.

4.2 CALIBRATION OF THE BIAS VOLTAGE SCALE
To compute the proper bias point, first the IV-curve with maximum magnetic
field is recorded. The gap voltage is derived to provide a preliminary scaling of the
IV-curve. Now the shapiro step on the IV-curve without any applied magnetic
field is determined. This yields a very accurate calibration of the voltage scale,
which is required to set accurate bias points.
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Figure 9: Gap voltage and bias point derived from IV-curve TITith high magnetic
field and without. The conversion curve is shown to demonstrate the bias point.

5 PERFORMANCE
The noise temperature measurements shown in figure 10 where made at the
KOSMA telescope with two 4 channel array acusto-optical spectrometers. Since
we have no sideband filter in the array all temperatures are double sideband tem-
peratures. The central part of the IF-band reaches DSB noise temperatures of
150K to 250K for the 490 GHz and 500K to 700K for the 810 GHz frequency
band.

6 FUTURE PROJECTS
The immediate project is to expand the electronics and successively the software
to tune and operate 16 instead of 8 receiver channels. This is no basic problem
because, except for the local oscillator setting, all individual channels are treated
as single SIS receivers.

Another step is to adapt the software to control future receivers such as STAR
(SOFIA Terahertz Array Receiver) on SOFIA and possibly upcoming space mis-
sions, where manual tuning is impossible.

Implementation of an automated diplexer and LO-tuning will be part of a
future project as well. Then LO pump levels can be tuned by the control PC.
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DSB Receiver Noise Temperatures Measured at 490 GHz DSB Receiver Noise Temperatures Measured at 810 GHz

Figure 10: Measurement of the receiver noise temperature of the 490 GHz and
the 810 GHz channels. The IF center frequency in both measurements is 1.5
GHz (A.OS channel 1100) with 1 GHz nominal bandwidth (approx. 1000 AOS
channels). The dashed line indicates the noise temperature function caused by
the sinusoidal diplexer transmission assuming a 120 K (490 GHz) / 450 K (810
GHz) receiver.

7 CONCLUSION
We developed the control electronics and algorithms to automatically tune an
SIS receiver array. We also performed the first laboratory and astronomical
measurements[7] which show high performance in terms of sensitivity and usabil-
.
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Optical Modulation Spectrometer: A Concept Study

Volker Tolls' and Rudolf Schieder2

1 Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, U.S.A.
2 1. Physikalisches Institut, Universitit zu KOln, 50937 KOln, Germany

1 Abstract

The Optical Modulation Spectrometer (OMS) is a new type of spectrometer backend for heterodyne
receivers with large bandwidth. It utilizes the high spectroscopic power of Fabry-Perot etalons for the
analysis of IF signal from, e.g., a heterodyne receiver. This paper describes the underlying principle
of an OMS and then presents the preliminary results of a concept study for an ultra-wideband (>10
GHz) OMS. The main advantages of the OMS are that it can provide the large bandwidth while being
of small size, low weight, and low power consumption. These attributes make it a good candidate
for future air borne, balloon borne, or space borne applications where multiple spectrometers will
be required for multi-frequency or array receiver systems.

2 Introduction

Broadband spectrometers will be required when heterodyne receiver systems operating from 1 to 3
THz go online. Large bandwidths are required to observe broad emission or absorption lines from
extra-galactic objects at high redshifts, to perform spectral line surveys, and to observe planetary
atmospheres. Many of these lines are pressure or velocity broadened with either large half-widths or
line wings extending over several GHz. Current backend systems can cover the needed bandwidth
only by combining the output of several spectrometers, each with typically up to 1 GHz bandwidth,
or by combining several frequency shifted spectra taken with a single spectrometer. The ultra-
wideband optical modulation spectrometer with at least 10 GHz bandwidth will enable broadband
observations without the limitations and disadvantages of hybrid spectrometers.

The most commonly used backends for heterodyne detections systems are: (1) the Filterbank
Spectrometer (FBS), (2) the Acousto-Optical Spectrometer (AOS), (3) the analog or digital Auto-
Correlation Spectrometer (AACS or DACS), and (4) the Chirp Transform Spectrometer (CTS).
The spectrometer application plot (Figure 1) shows the current state-of-the-art in bandwidth and
resolution of single band spectrometers at 2 THz. To increase the bandwidth, hybrid spectrometers,
the simultaneous parallel use of multiple spectrometers, can be used. However, in application where
there are restrictions on power, size, or weight, like space borne or balloon borne observatories, single
band spectrometers offer many advantages. An ultra-wideband OMS shows clear advantages where
large frequency coverage and medium resolution are required.

431



1,000 eh OMS

1.-SpAec
A

. Line Planets
 

Surveys
128 AACS GAalaxies_

A _
a Gal. Cen.

1,000 eh AOS, — - -

717 1,024 ch DACIS_ _ 240 CTS _ A
-

Outflows

I Stars A
GMC

: A
Cometo

PDR, Cores

^

10.0

Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

Resolution MHz]
1 10 100

1000

r•■••••••,

t",)

1".J

100

10
0. 1

0.1 1.0 0.0
Resolution [km/s]

Figure 1: The spectrometer application plot shows the current state of the art in bandwidth and resolution of
single band spectrometers. Also shown are the typical bandwidths and resolutions required at 2 THz (150itat)
for a broad range of astronomical objects. The proposed 1000 channel OMS will offer both broad wavelength
coverage and medium resolution. [adapted from Harris 1998]

3 Operational Principle

The OMS uses the high resolving power of Fabry-Perot etalons. Illuminated with divergent light
with frequency fo, the typical fringe system of bright rings of the Fabry-Perot etalon (see Figure 2,
[Born 1989]) is converted into a linear system of bright lines by means of the illumination of the
etalon and matching optics. The plotin Figure 2 shows the relative intensity /// 0 as a function of
the phase for two adjacent interference orders m and m+1. In the OMS (see Figure 3), laser light of
frequency fo is modulated in an electro-optical modulator with a signal Af (e.g., from a heterodyne
receiver). The modulated light, fo Af , is fed into a Fabry-Perot etalon. The free spectral range
(FSR) of the etalon needs to be FSR > 2 Af in order to separate the upper (fo + Af) modulation
sideband of the interference order m from the lower (fo — Af) modulation sideband of the order
m+1. Now, through means of the illumination of the etalon, only the phase range corresponding
to Af is imaged onto a line detector array (effectively converting the phase or the corresponding
frequency range into a space range). The intensities measured by the detectors are proportional to
the input intensities to the modulator for a particular frequency interval within the input band. The
detector read-out, A/D conversion and other spectrometer electronics are similar to the electronics
of existing AOS's [Tolls 1992].

4 Design Goals

The design goals for the optical modulation spectrometer are summarized in Table 1. A first OMS
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Figure 2: Schematic Fabry-Perot interference pattern for a divergent beam (left) and for a horizontally
divergent and vertically parallel beam (center). When the beam is horizontally divergent and vertically
parallel, the frequency is dispersed over many orders in the horizontal direction (center). In the proposed
OMS (right), only a fraction of a single order (e.g., m  7), denoted by the gray region with fo , is
projected onto a linear CCD array.

Laser Fiber Elec.—Opt. Fiber Beam Cyl. Fabry—Perot Imaging CCD
Diode Cable Modulator Cable Expander Lens Etalon Optics Sensor

Figure 3: Optical schematic for an Optical Modulation Spectrometer: laser light is modulated by the
IF signal from a heterodyne receiver and then spectrally analyzed in a double etalon and measured
with a linear detector array.

instrument would have a bandwidth of 10 GHz (larger bandwidths are possible) with 10 MHz reso-
lution. The mass, size, and power consumption are estimates (marked with *) derived from existing
AOS spectrometers since the OMS incorporates similar optics and electronics (further improvement
is possible but is undesirable for a first generation OMS). The specifications for the components
will be refined once the design is complete and the components are selected. E.g., the modulator is
listed with 10 GHz bandwidth, but modulators with 20 GHz bandwidth or more can be used as well
since the final bandwidth is limited by the input signal (thus, by the currently available bandwidth
of heterodyne receiver systems) and the etalon specification. The current design uses a Fabry-Perot
etalon system with two matching solid glass etalons. The detector can be a linear CCD array or any
other line detector depending on the laser wavelength and should have at least 1000 pixels.

5 Summary

The optical modulation spectrometer is a new kind of backend for applications which demand large
bandwidth with moderate resolution, low power consumption, small size, and small weight. The last
three design goals make the OMS a possible candidate for a single backend or array backends for
future air-borne, balloon-borne, or space-borne heterodyne receiver systems.
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Table 1: Specifications and key parameters of the proposed Optical Modulation Spectrometer. The values
denoted with asterisks are estimates for a possible space flight configuration derived from the final specifica-
tion of the SWAS AOS [Klumb 1994]. These values can be improved by further miniaturizing, making the
mechanical setup as light as possible, and using highly integrated low power electronics.

Parameter Design Specification
Bandwidth: 10 GHz
Resolution: 10 MHz
Resolving Power: 2 105 (in 2 THz heterodyne receiver system)
Spectroscopic Stability: > 60 seconds for ON-OFF measurements
Mass*: < 8 kg (optics, electronics, and RF components)
Size of Optics*: 5 x 5 x 30 cm3
Size of Electronics*: 10 x 10 x 30 cm3
Power Consumption*: < 10 Watts

Component Specification
Laser: diode laser
Laser Wavelength: 1550 nm
Modulator: electro-optical modulator
Modulator Bandwidth: > 10 GHz
Fabry-Perot

Finesse:
Free Spectral Range:

Fabry-Perot Etalon system
>2500
>22 GHz

Detector: InGaAs IR line detector with 1024 pixel

Acknowledgment: This work was supported by NASA grant NAG5-10476.
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Abstract

We designed a waveguide SIS mixer based on NbN for the 900-GHz band. The
waveguide mixer block with an MgO substrate was designed using Hewlett Packard's High
Frequency Structure Simulator (HFSS) and uses a waveguide-to-microstip transition.
Simulation by HFSS showed that a source impedance of around 60 12 can be achieved from
786 to 988 GHz by using an MgO substrate about 30 gra thick. The tuning circuit was
proposed to reduce the current density of the NbN SIS junctions without impairing broadband
operation; it consists of two half-wavelength distributed SIS junctions connected by a
half-wavelength microstripline. Simulated mixer performance based on the experimental I-V
curve of the NbN SIS junctions showed SSB receiver noise temperatures of below 150 K
from 760 to 960 GHz, assuming a junction current density of 25 kA/cm2.

1. Introduction

Millimeter- and submillimeter-wave SIS mixers with quantum limited noise sensitivity and
wideband characteristics are needed in radio-astronomy projects such as the Atacama Large
Millimeter Array (ALMA) and the Herschel space observatory. For example, the ALMA
covers the fequency range from 30 to 950 GHz in ten bands. For most of the bands,
waveguide Nb-based SIS mixers can be used because they satisfy demanding specifications.
However, the highest band (band 10), from 787 to 950 GHz, is beyond the gap frequency of
Nb (700 GHz). In band 10, Nb has a large RF loss due to pair-breaking. It would thus be
very difficult to achieve the specified SSB noise temperature of about 440 K over band 10 by
using conventional Nb-based SIS mixers. Although a few reported SIS mixers, consisting of
Nb-based tunnel junctions and NbTiN- or Al-based tuning circuits, enable low-noise
operation at frequencies above the gap frequency of Nb, they do not satisfy the specifications
[1, 2].

Our approach for achieving low-noise operation above 700 GHz E to develop all-NbN
SIS mixers that should in principle perform well up to a gap frequency of 1.4 THz, like all-Nb
SIS mixers do. We previously developed NbN/A1N/NbN tunnel junctions and
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NbN/MgO/NbN microstriplines that are epitaxially grown on single-crystal MgO substrates
[3, 4, 5]. Using these technologies, we have demonstrated relatively low-noise performance
and broadband operation in the 900-GHz band using a quasi-optical SIS mixer with a
self-compensated distributed tunnel junction with a high current density (45 kAicm2) [6, 7]. To
make these SIS mixers practical for such applications as the ALMA, further improvements are
necessary. First, the quasi-optical coupling, which uses a self-complimentary log-periodic
antenna, contributes a large input noise, as estimated using the standard technique. The
coupling system must be improved to reduce this noise. Second, the high-current-density
junction with usually poor quality, which is needed for broadband operation, degrades mixer
performance. These junctions must be improved to obtain better performance.

We have now designed a waveguide all-NbN SIS mixer using an MgO substrate for
application to ALMA band 10. We also proposed a broadband tuning circuit that enables
junctions with lower current density and better 1-V curve to be used. Numerical calculations of
the receiver noise temperature based on Tucker's quantum theory of mixing show that
broadband and low-noise characteristics can be achieved with this new mixer.

2. Waveguide design

Most of the reported SIS mixers use a waveguide coupling because of the availability of
feed horns, such as corrugated horns and diagonal horns, which produce an efficient power
coupling into the waveguide over a broadband and an excellent antenna beam pattern. In
conventional waveguide SIS mixers, a greatly reduced-height wavegukle effectively yield
broadband RF matching between the waveguide and SIS junction [8]. However, it may be
difficult to fabricate such a waveguide in the submillimeter-wave regime because the aperture is
so small. One way to overcome this problem is to use a waveguide probe, which provides
excellent power coupling using a waveguide-to-microstrip transition [9]. We designed a mixer
block including a waveguide-to-microstrip transition for ALMA band 10.

Figure 1 shows the schematic layout of the waveguide mixer block, which we designed
using Hewlett Packard's High Frequency Structure Simulator (HFSS) [10]. The mixer chip
with MgO substrate, on which the SIS junctions, tuning circuit, impedance transformer,
waveguide probe, and RF choke filter are integrated, is placed in a channel of the mixer block.
The mixer chip is 70 gm wide, 1.4 mm long, and 32 I.,tm thick. For simplicity, externally
adjustable mechanical tuners are not used. A diagonal feed horn is buried in the block and
connected to the input waveguide (0.1 mm high and 0.26 mm wide) through a tapered
structure. The aperture and length are 2.5 and 16 mm, respectively.

The calculated feed-point impedance normalized to 60 Q is shown in Fig. 2. The graph
shows that an RF bandwidth of 21%, from 786 to 988 GHz, is available with our design.
also shown that ALMA band 10 is covered better than with —10 dB matching.

In designing the waveguide-to-microstrip transition, it is important to examine how the
position of the waveguide probe affects the input coupling efficiency. Figure 3 shows the
dependence of the S-parameters on the position of the waveguide probe. The S-parameters
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were calculated assuming the input port of the input waveguide and the output port of the
microstrip with a characteristic impedance of 60 CI. The solid lines in Fig. 3 show the
S-parameters when the waveguide probe was shifted 10 gm from the designed position
toward the IF port, and the dashed lines show the S-parameters at the designed position. The
bandwidth of the RF matching was not sensitive to the position of the waveguide probe. This is
a benefit of mounting the mixer chip in the mixer block.

3. Tuning-circuit design

Recently proposed distributed mixers based on the nonlinear quasi-particle tunnel current in
a SIS transmission line have cbmonstrated low noise and good tunablity at submillimeter
wavelengths. Electrically long junctions (say, a few times the guided wavelength) need
low-current density but a subrnicron line-width to achieve reasonably high impedance for ease
of matching, so that electron-beam lithography is necessary [11] To obtain high input
impedance with a wide junction width with conventional photolithographic teclmiques, a
resonant distributed SIS mixer (say, half or one guided wavelength) was proposed [12] and
tested [6, 7, 13]. However, its fractional bandwidth is narrow when low-current-density SIS
junctions are used because the bandwidth is largely governed by the Q-factor of the junction,
like that of a conventional lumped element mixer. Using a conventional tuning configuration,
consisting of a resonant SIS junction with a quarter-wavelength impedance transformer, we
can control the matching bandwidth by adjusting only the current density of the junction. In
sum, high-current density-junctions are needed to obtain wideband operation at submillimeter
wavelengths.

The tuning method we proposed efficiently compensates for the reactance component of
distributed tunnel junctions. According to simple transmission theory, the input impedance of
an open-ended distributed SIS junction is expressed by

z,„ = Zi coth( yi li ), (1)

where 4, y (=a+jf3), and lj are, respectively, the characteristic impedance, propagation
constant ((xis quasi-particle loss and pis the phase constant), and length of the tunnel-junction
transmission line. If the transmission line is low-loss (o11«1), the equation can be rewritten as

z.
cos(fti ) + jZi sin( j)

j

in = Z j (2)

Z1 cos( .
.1
)+ j sin( 13 j) di

This equation shows that the input impedance of an open-ended SIS tunnel junction is
equivalent to that of a loss-less transmission line (a0) end-loaded with a pure resistance of
41(cd,). Accordingly, the frequency-varying impedance of the SIS transmission line can be
simply understood as the frequency-varying reactance component yielding in the loss-less
transmission line. One solution for broadbanding by efficient reactance compensation is to use
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a filter structure consisting of half-wavelength components, which can control the impedance
characteristics to have a bandwidth within a prescribed tolerance.

The diagram in Fig. 4 is an example tuning circuit consisting of two distributed SIS junctions
connected by a transmission line and an impedance transformer. The lengths of junctions and
the line between them have half-guided wavelengths at the center frequency, and the length of
the impedance transformer has a quarter-wavelength. The tuning circuit was designed for a
source impedance of 60 L-2 over ALMA band 10 centered at 870 GHz. The modeled SIS
junctions and transmission lines are, respectively, the Nbl\T/A1N/NbN tunnel junction and the
NbN/MgO/NbN microstripline. These elements have been used in actual SIS mixers and have
been well characterized.

The material parameters of the junctions and microstriplines used for the calculation are
summarized in Table 1. The characteristic impedance of the 0.6-gm-wide SIS junctions with a
symmetrical counter-electrode overhang of 1 pm on either side was about 2 Q. The
quasi-particle loss in the half-wavelength line (odi in equation (2)) for the given current density
was of the order of 104 , so we can apply the model described by equation (2) to this circuit.
The characteristic impedance of the microstripline between the SIS lines was about 27 LI

To match the impedance of the tuning circuit, which has a filter structure, to the source
impedance, they are connected using a quarter-wavelength impedance transformer. A
broadband matching of below —10 dB was obtained at frequencies ranging from 750 to 1000
GHz (fractional bandwidth of about 29%), as shown in Fig. 4. Also shown in the figure are the
impedance loci toward the load at each position of the circuit. One can see that the reactance
component was well compensated for with this tuning circuit. Compared to a roughly
estimated fractional bandwidth of 10% from the aCiRN products for a conventional mixer
design, the improvement in matching was about three times.

4. Simulated noise performance

We numerically simulated the mixing properties of our distributed SIS mixer using Tucker's
quantum theory of mixing [14]. Equivalent large and small signal models for the mixer were
established by replacing the model of inhomogeneous junction arrays based on lumped
elements [15] with a distributed element model as described by Tong et al. [16]. Each section
of the tunnel junctions was divided into 16 cells, sufficient for analyzing quasi-particle nonlinear
transmission lines [16]. In these lines, each cell must be driven by a different LO phase and
amplitude. We assumed an LO drive strength with the zero phase at the open end of the mixer,
then derived the conversion admittance matrices for each cell recursively according to
transmission theory. The correlation matrices was derived from the LO amplitude only for
each cell, based on the assumption that shot noise created at any point along a nonlinear
transmission line is not correlated with shot noise generated at any other point [16]. We used a
quasi-five-port approximation in which the fundamental frequency sidebands, the second
harmonic sidebands, and IF frequency were taken into account [17]. The IF frequency was
assumed to be 1.5 GHz, and the IF termination was 50 Q. The dc characteristic of an actual
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NbN SIS junction was used, as shown in Fig. 5. The subgap-to-normal state-resistance ratio
at 4 mV was about 11.

We used simplified model without a quarter-wavelength transformer to calculate the mixing
properties of the mixer. A constant source impedance of 5 12 was assumed across the entire
frequency band for a circuit consisting of half-wavelength components because the
quarter-wavelength microstripline transforms a waveguide source impedance of 60 C2 to about
5 c at the center frequency. Figure 6 shows the calculated SSB receiver noise temperature.
Note that the dc bias and LO strength across the last cell were optimized with respect to the
receiver noise temperature at each simulated frequency by assuming a noise temperature of the
IF amplifier of 2 K. One can see that there are two noise ripples, one at around 800 GHz, and
another at around 930 GHz. In our simulation, this could be reduced by assuming a lower
source impedance of 2 C-2, as shown in the figure, but the bandwidth became a bit narrow
because the matching became worse. If we use junctions with a different width, the ripples can
be reduced without impairing broadband matching.

To compare the performance of our mixer with that of other type mixers, we simulated the
mixing properties of a full-wavelength resonant distributed SIS mixer with the same current
density, 25 kAJcm2 . As shown in Fig. 6, the receiver noise bandwidth of our proposed SIS
mixer was broader than that of the conventional mixer, as predicted from the design, whereas
the total length of the distributed junction was the same. Thus, this tuning method using
effective reactance compensation can reduce the current density and obtain broadband
characteristics.

5. Conclusion

We designed a waveguide SIS mixer with an MgO substrate on which NbN-based SIS
and microstrip are epitaxially grown in the 900-GHz band of the Atacama Large Millimeter
Array. Simulation using Hewlett Packard's High Frequency Structure Simulator showed that
the waveguide source impedance was around 60 S2 when a 32-iim-thick substrate was used.
To achieve performance better than the previous results using high current density junction of
45 kAicm2 , we proposed a broadband tuning circuit that enables the use of lower current
density junctions, resulting in a smaller leakage current. It utilizes the efficient reactance
compensation produced by two half-wavelength distributed junctions connected by a
half-wavelength microstripline. Based on the design and simulated noise performance, we
predict that a tuning circuit using NbN junctions with a current density of 25 kA/cm2 can cover
the whole 900-GHz band with a SSB receiver noise temperature below 150 K.
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Table 1. Parameters used in design.

NbN upper electrode thickness:

NbN lower electrode thickness:

MgO insulator thickness:

NbN A1N/NbN junction width:

current density:

cl? 4 products

Specific capacitance:

AIN barrier thickness:

(DCR products:

'••"".

400 nm

200 nm

180 nm

0.6 gm

kAirtn2

380 kVii,m211cm2

120 fF4tm2

1 u rn

10 (070 GHz

Fig. 1. Mixer mount layout showing diagonal horn section and mixer back piece. (b) View of
chip slot from side of back piece. Waveguide is 0.1 x 0.26 mm, substrate is 0.07 x 1.4 x
0.032 mm. (c) Sectional view of chip slot, which is 0.073 x 0.073 mm.
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Fig. 2. (a) Calculated feed-point impedance normalized to 60 a (b) Return loss
characteristics between feed-point and 60 LI

Frequency (C Hz)

Fig. 3. Dependence of S-parameters on waveguide probe position. The 10-gm shift toward
the IF port from the original position did not affect the characteristics.
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Fig. 4. Layout, theoretical return loss of tuning circuit, and impedance loci toward load at each
position, normalized to 60 C.2
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Fig. 5. Experimental I-V characteristics of NbN-based SIS junction. Subgap-to-normal
state-resistance ratio was about 1 1.
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Fig. 6. Simulated SSB receiver noise temperature of two half-wavelength distributed junctions
mixer. Also shown is the noise temperature of a conventional full-wavelength SIS mixer with
the same current density.
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(a) Institute ofAstronomy and Astrophysics, Academia Sinica, Nankang, Taipei, China (Taiwan)

(b) Herzberg Institute, 5071 West Saanich Road, Victoria, BC, Canada

(c) Purple Mountain Observatory; Nanjing, China

(d) Nobeyama Radio Observatory, NA0J. Nobeyama, Nagano 384-13, Japan

Abstract

A 600-700GHz SIS mixer with the twin-junction tuning circuit has been designed

and fabricated [1] The surface impedance of thin-film superconducting microstrip lines,

based on Mattis-Bardeen theory [2], is included in the optimization of RF impedance

matching. The receiver noise temperature measured in the frequency range of

630-660GHz is below 200K and the lowest receiver noise temperature of 181K is

achieved at 656GHz. The FTS response of the SIS mixer shows a good RF coupling

from 600GHz to 700GHz. Both the noise performance and the FTS response can be

quantitatively described by numerical results using the quantum theory of mixing. Some

detail considerations on the mixer model calculation, such as spreading inductance

around the junction tuning structure and mixer's embedding impedance, are discussed.

Introduction

Nb-based superconductor-insulator-superconductor (SIS) mixers have been used

very successfully in sub-mm wavelength detection. Their receiver noise temperature has

reached to three times the quantum limit, —3 hfrkB, below the junction's gap frequency.

However, at high frequency bands, Nb SIS mixers need to be designed carefully

because the photon energy is close to or higher than the gap energy of Nb, A-1.4meV.

When the frequency band covers the gap frequency of Nb, —670GHz, the RF loss of Nb

superconducting transmission lines increases dramatically and the surface impedance

has strong frequency dependence. Usually, the RF properties of a superconducting

transmission line can be described by the Mattis-Bardeen theory [2] in good accuracy.

From results reported so far [4-9], the best receiver noise temperature is close to 5 hi7kB

in the band of 600-700GHz. Despite of the input loss contributed by the experimental

setup, some other properties of SIS mixers should be taken into account. In this paper,

we characterize the performance of a 600-700GHz mixer by comparing the

experimental and simulated results.
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Mixer design

The embedding impedance of the 600-700GEL SIS mixer was calculated by HESS

using the structure of the SMA mixer block and RF choke, which are designed by the

receiver team at SAO, but with a substrate thickness of 30 m. Figure 1 shows the

calculated embedding impedance over the interesting frequency band. Both the real and

imaginary parts of the impedance vary remarkably in the band of 600-700GHz. This

variation of the embedding impedance should be considered in the mixer performance

calculation.

80

60
0
a) 40

20
0.

0

U20
-a
2.40

-60
400 460 500 660 600 660 700 760

Frequency (GHz)

Fig. 1 Embedding impedance of the 600-700GlIz SIS mixer calculated by BFSS.

The junction circuit design was based on a PCTJ (Parallel Connected Twin Junction)

structure [10]. The designed parameters for the SIS junction as well as the transmission

line structure are shown in Fig.2. To consider the capability and reliability of fabrication,

the junction size was kept as large as possible, 1.2 X 1.2 1...tm 2 in this case. The designed

Jc was 10 kA/cm2 and the junction's specific capacitance was assumed to be 90 ffivirn2.

The superconducting transmission line was based on Al 203/Si02/Nb205 trilayer

dielectric with thickness of 900A/2700A/1000A. In addition, the RF surface loss of

superconducting films is no more negligible when photon energy is close to or higher

than the gap energy of superconductor. For niobium-based devices, the gap frequency is

near 670GHz (A-1 .4 meV), which is just in the frequency band of interest. According to
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Junction design parameters

Single Junction Parameters (design) Impedance transformer

1 2x .2 1, 2

Fig. 2 Designed SIS junction parameters and the transmission line structure near junction, in Inn unit.

The Jc is 10 kA/cm2 and the junction specific capacitance is assumed to be 90 fF/pm
2 . Two 1.2 X 1.2 jAm2

junctions are connected by a 5.5pm wide superconducting transmission line to tune out the junction's

geometric capacitance.

Mattis-Bardeen theory [2], the RF losses of the superconducting transmission lines were

included during the optimization procedure of RF impedance matching [11]

Experiments

The SIS junction was fabricated by selective niobium etching process with

additional anodization technique [12]. The Nb/A10-A1Nb (1000A/70Al2000A)

multi-layer was in-situ deposited on crystal quartz wafer with RF choke photo-resist

lift-off pattern. The Al layer was exposed to 25 mtorr of Ar/10%0 2 mixture for 30

minutes to obtain critical current density (Jo) of 10I(A/cm 2 . The junction was defined by

Deep UV source of mask aligner and top Nb was etched by R1E system using CF4+02

mixture as processing gas. Before the deposition of the insulator layer, an additional

anodization process was applied to anodize about 300A thick Nb around the junction.

An insulating layer of SiOx/A10„ (2700A and 900A) was deposited as the dielectric of

the superconducting transmission lines. Before the deposition of a 6000A thick wiring

Nb film, the native oxide on top Nb surface was removed by applying Ar plasma. A

200A/2000A thick Ti/Au film was deposited on the contact pad of chip to reduce the

contact resistance of DC/IF leads. Then, the quartz substrate was thinned by lapping

machine and diced into individual chips, measuring 2mm (L) by 150inn (W) by 30jim

(T).
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The mixer performance was measured in a liquid He cooled dewar using typical

hot/cold load technique. Fig. 3 shows the schematic drawing of the testing system. The

LO source was generated by a multiplier (doubler+triplier) pumped by Gunn oscillator.

Its frequency coverage is from 600GHz to 700GHz. The wire grid angle was set at 20'

to couple enough LO power. However, it will increase the input RF noise temperature.

Smaller grid angle was also tried to obtain lower receiver noise temperature in a narrow

frequency range limited by insufficient LO power. The RF signal and LO power passed

through a mylar vacuum window and Zitax IF filter, then were reflected by a cooled

off-axis parabolic mirror into the corrugated horn of the mixer block. The IF signal was

magnified by a cooled low noise amplifier (LNA) in the dewar and by a post amplifier

at room temperature, then detected by a 11P48xx power detector. Magnetic field by a

superconducting coil was applied to reduce the Josephson tunneling effect. The hot/cold

load was provided by a black body emitter at temperature of 295K177K. The FTS

measurement was done in the laboratory of National Astronomical Observatory of Japan

at Mitaka. To get more reliable information, we used the same mixer block and junction

in FTS and Trx measurement.

Mirror
HEMT

Aà Room temperature

\ 4.2K plate

77K

Mixer block
Doubler / Tripler

.111■111■

WA/ Wit
x2 I x3 A

Gunn oscillator Teflon Lens

100GHz-116GHz

Fig. 3 Schematic drawing of the mixer performance testing system.

Results and discussion

IF post amplifier

I
IF power meter

DC bias

IR filter

AAt 
E:=
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The mixer noise performance is shown in Fig. 4. The solid circle is the simulated

mixer noise temperature without any additional correction of the embedding impedance

(simply assumed to be 350 here). Obviously, the center frequency is around 670 GHz.

The data of sample Mixer A, Mixer B, and Mixer E (open square, down triangle and

diamond points) are experimental results with a wire-grid angle of 20 ° . The

un-corrected receiver noise temperature, T„, is below 300K in the frequency range of

600-680GHz. The center frequency of the mixer noise performance is shifted to

650GHz. The lowest T, is near 230K around 6500Hz. It should be noted here that the

quick rise of T, in the band edge was due to insufficient LO power. The solid triangle is

exactly the same experiment of sample Mixer A, but with a wire-grid angle of 10° .

The noise temperature is reduced significantly in the frequency range of 630GHz to

670GHz. The lowest noise temperature can reach to 181K at 656Gliz. This performance

improvement is attributed to the reduction of the RF input noise temperature from the

wire grid. It can be roughly estimated from the power loss of the RF signal due to the

Fig. 4 Measured and simulated receiver noise temperature of the 600-700GHz SIS mixer. The solid

circle is the simulated mixer noise temperature without any additional correction of the embedding

impedance. The open square, down triangle and diamond points (Mixer A, Mixer B, and Mixer E) are

the experimental results with wire grid at 20 . The solid triangle is exactly the same experiment of

sample Mixer A but with wire grid at 10' .

449



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

misalignment between the waveguide polarization and the wire grid angle. The effective

angles of the wire grid projected onto the waveguide polarization direction are about

25.8' and 13.8' for setting at 20' and 10' on the grid's holder, respectively. It is

well known that the input noise of an object is equal to Tamb X a, where Tarim is the

physical temperature of object and a is the absorption coefficient. Thus, the input noise

temperature contributed from the wire grid is about 56K and 16K for the cases of the

wire grid set at 20' and HY on the grid's holder, respectively. The 40-K reduction of

T„, due to the wire grid angle changed from 20' to 10 , is consistent with the

experimental results.

The FTS experiment could reveal the relative coupling strength between RIP signal

and mixer. The measured time domain FTS response is shown in Fig. 5. The SIS mixer

was biased at 1.9mV that is similar to the value for the T, x measurement. The nice FTS

response curve in time domain will give a more reliable frequency response after

Fourier transformation.

20000 •<, : OM 3SOCIO

Mirror Position

Fig. 5 Time domain FTS response measured for the 600-700GHz SIS mixer biased at 1.9mV.

Fig. 6 shows the FTS response of the 600-700GHz SIS mixer, the solid circle points,

in a frequency range of 4000Hz to 800GHz. The T, result of the same receiver is also

plotted in the figure, down triangles, for comparison. The FTS response is relatively

strong from 600GHz to 700GHz and from 470GHz to 5 1 OGHz. There is a strong

absorption of water around 550GHz, which will reduce the FTS response. In general,

the FTS response is consistent with the mixer performance result. The up-triangles are
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the simulated result of the RF coupling. An additional length of 2x1p,m (2AL) in tuning

inductor, about 40% increase in length of the original design, was added during the

simulation. We found that the FTS response can be described qualitatively by the

simulation result. The origination of this additional inductance might be due to the

spreading current effect near small SIS junctions because of their low impedance

comparing with the transmission line. It may need more experiment to understand the

contribution of this effect.

Fig. 6 Measured FTS response of the 600-700GHz SIS mixer, the solid circles. The down-triangles

are the T, value of the same receiver The FTS response is basically consistent with the performance

of receiver. The up-triangles are the simulated results with additional lmm of tuning structure. The

FTS response can be qualitatively described by the simulation result. The additional inductance might

be originated from the spreading current effect near SIS junction.

Conclusion

Low noise SIS receivers for 600-700GHz have been achieved using PCTJ type

mixer. The un-corrected double-side-band noise temperature is below 300K in this

frequency band. The variation of the embedding impedance and the RF loss of the

thin-film transmission lines are taken into account in the simulation model. However,

the lowest noise temperature is only close to 5hf/kB. The FTS result shows a consistent
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frequency window of the RF coupling as Ti experiment. The simulated RF coupling

can qualitatively describe the FTS experimental result by adding an extra inductor. This

additional inductor might result from the current spreading effect near the SIS junctions.

More experimental results are necessary to clarify its origination.
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A Comparison of Power Measurements from 100 GHz to 600 GHz

Qun Xiao, Yiwei Duan, and Jeffrey Lee Hesler

University of Virginia

Introduction

The accurate measurement of absolute power at millimeter and submillimeter wavelengths
is difficult, and different power meters can give substantially different results, thus
complicating comparisons between measurements by different groups. This paper will
present a comparison of measurements done using a variety of commonly used power
meters over a frequency range from 100 GHz to 500 Gliz.

Measurement

In the WR-10 frequency range we compare power measurements using two HP-437B
power meters with W8486A diode power sensors [1], [2], and an Erickson PM1B
calorimeter power meter [3]. Each of these meters is used to measure the power output
from a Gunn oscillator.
In the WR-8 frequency band we compare an Erickson PM1B power meter with two Anritsu
ML83A power meters with WR-8 thermistor power sensors. The power source is a WR-8
Gunn oscillator.
In the WR-3 frequency range, we compare the measurement results of the Anritsu 1V11.,83A
power meter with both WR-3 and WR-8 power sensors and the Erickson PM1B power
meter. The power source is a WR-10 to WR-3 frequency tripler. Finally, some power
measurement results above the WR-3 frequency band are presented.

1.WR-10 measurement
In WR-10 frequency band, a Carlstrom Gunn oscillator is measured using a variety of
power meters: an HP W8486A power sensor (which is borrowed from NRAO and is
calibrated and traceable to NIST), an HP W8486A power sensor (which has not been
recently calibrated), and an Erickson PM1B power meter.

Erickson
PM1B

A

UVA
W8486A
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The following graph shows the measurement results. Figure 1 shows the power measured
using the various meters and the calibration factors for the Erickson PM1B power meter
and the UVA HP W8486A sensor.

Figure 1

From Figure 1, we can observe that the reading of Erickson PM1B is quite consistent with
that of NRAO HP power meter, with is calibrated and traceable to NIST. The reading of
UVA HP power meter has a similar shape to that of NRAO HP power meter, but shifts to a
higher level. We believe the reason is that this meter has not been recently calibrated.
We also checked the power meters' performance at lower power levels. The HP power
meters can automatically select scale range. The Erickson PM1B needs to be set manually.
The results are plotted in Figure 2. From Figure 2, we can observe similar behavior as we
saw at higher power level. This means all power meters perform consistently on different
power levels.
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Figure 2

2. WR-8 measurement
In the overlap frequency band of WR-8 and WR-10, we compare the NRAO HP W8486A
power sensor with Anritsu WR-8 power sensor.

Measurement Setup for 90-110 GHz

The measurement result is plotted in Figure 3. We can observe that the reading of the
Anritsu WR-8 is lower than the HP meter, but the scale factor is constant and remains
between 1.25 and 1.35.
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In the higher end of WR-8 frequency band we test the UVA Anritsu WR-8 power meter,
the NRAO Anritsu WR-8 power meter, and an Erickson PM1B power meter. The results at
lower power level are showed in Figure 4 and at higher power level in Figure 5.

Figure 3
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Figure 5

In the measurement shown in Figure 4 we use the Erickson PM1B with its scale range set
to 2+ mW to measure the Gunn power. At 120GHz and 122GHz the reading is out of range,
so those two points are omitted. The readings of the two Anritsu WR-8 power meters are
very consistent to each other, but are lower than the reading from the Erickson PM 1B.

3. WR-3 Measurement
In WR-3 frequency range, we compare 2 power measurement methods. They are an Anritsu
WR-3 power meter and an Erickson PM1B power meter. We use a WR-3 to WR-10 tripler
as the power source. When we use the PM1B power meter, we insert a WR-3 to WR-10
taper between the tripler and the power meter.

Oscillator —00' Isolator Attenuator Tripler Power Meter

Measurement Setup for the WR-3 frequency range

The measurement results are shown in Figure 6.
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Figure 6

Figure 7
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From figure 7, we can observe the Erickson PM1 power meter has almost same
performance as Erickson PM1B, with a scale factor about 1.4 compared to the Anritsu WR-
3 power meter. However, the scale factor for the Anritsu WR-8 power meter referenced to
the Anritsu WR-3 power meter varies over a much larger range, from 2 to3.5. Also, this
correction factor was found to vary significantly from measurement to measurement. This
shows the problem associated with using a meter above band.

4. Power measurement above the WR-3 frequency band.
We also measured power in the 400 to 500 GHz range. The power source is a quintupler
pumped by a Gunn oscillator.

Figure 8

As found when using the WR-8 Anritsu power meter above band, the WR-3 Anritsu power
meter shows significant deviation from the Erickson PM1B power meter above band.

Conclusion
In the WR-10 frequency range, the calibrated HP W8486A power sensor is the best choice
because it is traceable to NIST and has a faster measurement speed compared with the
Erickson PM1B power meter. The measurement result from the Erickson PM1B is very
close to that of the W8486A.

In the WR-8 frequency range NIST has not set any power calibration standard yet. From
the comparisons in the overlap frequency range of WR-8 and WR-10, we believe the
Erickson PM1B power meter will be quite accurate over the WR-8 frequency range.
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The use of the Anritsu power meter heads above their specified band was found to be prone
to significant error and repeatability problems.

Up to the WR-3 frequency range, the measurement results of the Anritsu WR-3 power
meter, the Erickson PM1, and the Erickson PM1B have very similar shape and with a scale
factor about 1.4. Since Anritsu Corp. no long produces the WR-3 power sensor we have
decided to use the Erickson power meter series PM1B as our power standard.
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At the Twelfth International Symposium on Space THz Technology last year we
introduced and described the ongoing TREND ("Terahertz Receiver with 1VbN Device")
instrument development. TREND is a low-noise heterodyne receiver for the 1.25 THz to
1.5 THz frequency range. TREND takes advantage of the atmospheric attenuation
window in this frequency range, as well as the availability of an excellent site, the US
South Pole Station, and a 1.7 m diameter operational telescope (AST/RO) at that site.

Since last year's report, the local oscillator laser has been completed and tested. The
output power is as high as 200 mW on the strongest line. The laser is now being
integrated with NbN HEB mixer devices in a new mixer block design, which we will
describe. A new twin-slot antenna design is being used. We will also discuss the plans for
installation of the system on AST/RO which is anticipated to occur during the austral
summer season of 2002/2003. The receiver will then be used for observations of Nil and
CO during the austral winter season of 2003.
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DETECTION AND INTERPRETATION OF BISTABILITY EFFECTS
IN NBN HEB DEVICES

Yan Zhuang and K. Sigfrid Yngvesson
Department of Electrical and Computer Engineering, University of Massachusetts,

Amherst, MA, 01003

ABSTRACT- Characteristics of an umpumped NbN Hot Electron Bolometer (HEB)
device, between the superconducting state and the resistive state, show that a negative
differential resistance occurs in the region between the superconducting state and the
resistive state. The device is potentially unstable in this region, and we have performed
further observations of the periodic waveform which occurs for this case on a fast digital
oscilloscope. In order to fully understand the physical processes in this region both device
voltage and current need to be obtained simultaneously. We then use the established theory
for bistabilities in superconductors [1] to calculate the use time of the waveform, and the
frequency of the relaxation oscillations at about 6 MHz, which we observe in a number of
devices. We show that the above theory can provide a qualitative interpretation of this
waveform. The calculated rise time and frequency of the relaxation oscillations do not
agree very well quantitatively, however, indicating that the simplest model based solely on
the thermal conduction equation is insufficient. We also suggest how this model might be
modified in order to obtain better quantitative agreement.

I. INTRODUCTION

Observing the Current — Voltage Characteristics of an umpumped NbN Hot Electron
Bolometer (HEB) device, a negative differential resistance occurs in the region between the
superconducting state and the resistive state. The device is potentially unstable in this
region, and we reported some results of studying this state at the 12

th

 Space THz
Technology Symposium [2]. We have made further observations of the periodic waveform
which occurs for this case , on an oscilloscope. In order to fully understand the physical
processes in this region both device voltage and current need to be obtained simultaneously.
We then use the established theory for bistabilities in superconductors [1] to calculate the
rise time of the waveform, and the frequency of the relaxation oscillations at about 6 MHz,
which we observe in a number of devices. We finally discuss our results in terms of the
most recent models for PHEB mixer devices.

IL EXPERIMENTS AND RESULTS

The 3.5 nm thick NbN HEB device was mounted on a circuit board in a small metal
box in order to shield it from outside radiation, and to minimize parasitics. A small resistor,
r = 10 S2, was used to enable us to measure the device current. The box was connected to
two coaxial cables housed in a stainless steel tube "dipstick" to allow insertion of the
device into liquid helium. The structure is shown in Figure 1. Two separate voltages, V1
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and V2, can be measured by connecting each cable to one channel of a digital oscilloscope
whose maximum frequency is about 1 GHz. In this situation both the voltage across the
device (Vd) and the device current (I d) can be measured simultaneously. This turned out to
be very important for the interpretation of the data

Vd 
= VI —V2

= V2 /r (2)

The bias supply is constructed with OPAMPS and has a very low source resistance,
accomplished through feedback. There are also OPAMP circuits for recording the voltage
and current levels on digital multimeters, which can then be displayed on a computer
through a LABVIEW program. The sampling rate is about 20 samples per second, so only
very slow variations can be recorded at the bias supply. It is connected through a low-pass
filter with a cut-off frequency of 2.5MHz. One typical voltage biased I — V characteristics
of a HEB device is shown in Figure 2. As is well — known there are 4 different regions in
the I — V curve: (1) the superconducting region; (2) a region in which slow (a few hundred
Hz) oscillations occur, whose frequency basically is determined by characteristics of the
OPAMP in the bias supply (slow enough to be picked up by the LABVIEW system); (3) a
second negative differential resistance region where the oscillations are much faster, and
can be observed on the oscilloscope; the DC voltage and current as recorded through
LABVIEW are stable at any particular point in this region; we will primarily study the
device behavior in region (3) in this paper; (4) a stable hotspot region, where a stable
hotspot is formed and can expand when the bias voltage is increased. All recordings are
stable in region (4). We have studied the bistability for a voltage bias situation.

It is possible that the device in its negative resistance region can be stabilized by
adding a series resistor rstab . The circuit will become stable when increasing rstab to make the
total resistance become positive as we showed earlier [2].

dVd

dl
r
sta

b > (3)

The corresponding I — V curve is shown in Figure 3 that includes a curve without the
stabilizing resistor to make a comparison.

In our paper at the 12
th

 STT [2] we recorded the device current by measuring the
voltage across a series resistor inside the voltage bias supply. Because of the slow response
rate of the OPAMP in the voltage supply, the current appeared to be almost constant with a
percentage change of only about 1%. This time we measure the device current directly, as
shown in Figure 1, allowing us to record the instant current value for the HEB device.
Figure 4 shows the simultaneous measurement of both voltage and current. The voltage
waveform is almost the same as before. It has a very fast rise (rise time about 12 ns) and
then performs periodic relaxation oscillations. The amplitude of the voltage peaks indicates
that the device is in a totally normal state at the peak of the oscillation. We can show this by
multiplying the average current (about 0.2 mA for the data in Figure 4) by the full normal
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resistance (RN 150 Q) of the device. We find a voltage of 30 mV, which agrees with the
peak voltage amplitude in Figure 4. When the relaxation oscillations die out, the device
returns to superconducting, as indicated by the voltage across it being zero. The
corresponding current during the relaxation oscillations used in this estimate is the average
current in the instability region. The current also shows (weaker) relaxation oscillations.
When the oscillations vanish, and the device is temporarily back to being superconducting,
the current gradually increases, reaches the critical value, and the cycle repeats. The
repetition rate of the waveform increases with increasing bias voltage, as shown in Figure
5.

III DISCUSSION

We now discuss the measurement results in terms of a one — dimensional hotspot
model.

The Superconducting State
It has been claimed that the main mechanism which determines the critical current

in the superconducting state of an HEB device is vortex pinning. As long as the pinning
force is larger than the Lorenz force, the device remains in the superconducting state. But
our calculation concludes that there are no vortices available in the NbN film of an HEB
device of a typical size. For example, in the simplest case, we consider a strip with width W
= 511m; length L = 1 p.m; thickness d = 4 nm; and total current I -= Ic =500p,A. The x-
direction is along the device width. The H field in the x-direction (perpendicular to the
current direction) is more or less independent of x, except for at the edges. Although the
field has a singularity at the edges, this singularity is of no consequence when we integrate
the field in order to obtain the total flux. We can then estimate that Bx iloHx=1.10I
2W=1.2x10 -4 Vs/m2, and the total flux (1)=3x10 -16Vs. However, a vortex must contain a
minimum flux of one flux quantum, which is 0 0=2x10-15 Vs. Thus vortices can not exist in
this strip. The critical current is probably determined by depairing of the Cooper pairs
rather than by vortex pinning.

Instability Region
In earlier studies it has been found that the superconductivity can be destroyed by

Joule self — heating even when the transport current is much lower than the critical current
[1],[3],[4]. The cooling and heating mechanisms obey the heat balance equation:

Q(T).=

h(T)
147 .T)= (1- —T0)

Here Q(T) = jE(T) is the power of the Joule heat released per unit volume. W(T) is the
specific power of heat transfer to the coolant kept at a bath temperature To, h(T) is the heat
transfer coefficient, d =A/P, A is the area, and P is the perimeter of the cross section of the
specimen. A bistability occurs when this equation holds for several temperatures, as shown

(4)

(5)
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in Figure 6, where there are three intersection points between Q(T) and W(T). The step
shape of the Q(T) curve is due to the stepwise increase of the resistivity p(T) around the
critical temperature Tc. The stability of the three points 1, 2, and 3 with respect to a small
perturbation is determined by the following criterion:

aw aQ 
aT a T

From the above equation we can see that the states corresponding to the phases T 1 and T3

are stable, and the state corresponding to phase T2 is unstable. There is a simple method to
decide the condition of stability that introduces the Stekly parameter a defined as:

• 2 dPidc a=

where IN is the resistivity in the normal state, and jc is the critical current at the bath
temperature. It turns out that the differential conductivity can be expressed by a as

a (E) = (1— ce)p -
n
-1

(8)

The condition for obtaining the above equation is jc >> Ep ti
4
 which is satisfied in thin

superconducting films. For example, the typical value of jc in our NbN devices is around 1-
3 x 106 A/cm2 , and EN-I is about 105 Aicm2 for NbN thin film material. The differential
conductivity becomes negative when a > 1, which indicates that there is a thermal
instability in the resistive state. Obviously, the upper limit of the current density in order to
get the thermal instability is jc, while the lower limit i n can be calculated by assuming that
the temperature of the superconductor at j = jm is Tc ; then jm can be expressed as:

(6)

41 T
(7)

Here jm depends on the characteristics of the superconductor and the coolant parameters,
and can be much lower than the critical current jc. Now the transport current density should
be in the range jca

2
-1 < j < jc in order for Q(T) and W(T) to have three intersection points.

Reference [1] shows that the lower limit is actually jp =  . Outside this range the
superconductor material will be in one of the stable states. In the case of NbN HEB devices,
the value of a is usually much larger than 1. For example, typical values for a device such
as the one used to obtain the data in Figures 3 and 4, are p n=2x10-4 Clcm, jc=2x106 A/c'm2,
d=5x10-5 cm, h=20 W/cm2K, Tc=10K, T 0=4.2K. Substituting the above values in equation
(7) we get a = 287 >>1. The lower limit for the current, Ip, is estimated to be 30 [tA,
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whereas Ic = 400 [EA. The bistability is thus potentially very strong. We can interpret the
behavior of NbN HEB devices that we observed in Figure 4 in terms of propagation of
switching waves, which describes the movement of the domain walls between the two
stable states: superconducting and normal states. The domain wall moves in one direction
when transforming from one stable state to the other, or vice versa, depending on the value
of j. The velocity c of the propagation can be expressed as in [5];

c(i)= (1+ 0.561a -1.45 )W -1)1-,64- 	(10)

M = cd 2 -1+ -i 	1- i (11)
2 2

Here c(i)= v/vh, vh= L/th, where L and th are the characteristic thermal length and time, and
jijc is the dimensionless current density. The c value as a function of dimensionless

current i is plotted in Figure 7. We also estimate vh 1.04 cm/sec. Our interpretation of the
device behavior in region (3) can then be summarized as follows:

1) After j, has been exceeded, a normal domain spreads with an initial
normalized velocity c = 24. The expansion will slow as the resistance grows, and the
current decreases, until the normal domain reaches the contacts. The average velocity

5during the initial expansion can be estimated to be 10 x v h = 10 cm/s. The initial velocity
is so high that it is close to the sound velocity in the film, which should act as an ultimate
speed limit. The estimated time for a domain to cover half the length of the device is about
.5 ns, a very short time, while we measured a value of 12 ns. The initial rise time is,
however, also influenced by the response time of our measurement system, which we
checked by a measurement using a fast (6 ns rise time) pulse generator substituting for the
HEB device. The rise time was found to be 15 ns which confirms that we could not have
measured the rise time of the HEB device waveform if it had been as fast as .5 ns.

After the initial transient, the voltage and current oscillate around an average current
of about 200 RA. From the bistability theory, we would expect that for j > jp, the domain
would grow with increasing velocity until it reaches the contacts, and R = R. In region (3)
there is not enough power available to sustain a stable hot spot, and the current has
meanwhile decreased below jp, which reverses the sign of the velocity, and the domain
then decreases in size; the current subsequently increases above jp again, leading to the
domain oscillating back and forth until the device goes superconducting, etc.. The
frequency of these relaxation oscillations can be found by estimating the time required for
the domain to expand through about half the length of the device, and back again. We
assume that the oscillations are sinusoidal. Also, the measured average current is 200 1.1,A
rather than the expected value of 30 p.A, based on jp, and a = 290. The velocity curve for
this larger average current value has also been plotted in Figure 4. It corresponds to a = 10.
If we assume that the oscillations occur around this current point, and use the measured
peak current amplitude from Figure 4, we find a relaxation oscillation frequency of about
60 MHz, with a period of 16 ns. Instead, we measure the period of the oscillation to be
roughly 160 ns, or a frequency of 6 MHz. In addition to the higher than expected average
current, this seems to give us pretty clear evidence that one must include further physical
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effects in the calculation of the propagation speed than the purely thermal effects (lateral
thermal conduction and heat transfer to the substrate) which were included in the above
calculation. Possible such effects are:

(a) The contacts are likely to be involved in the thermal balance, since the normal
domain periodically reaches these. The contacts would add considerable heat
capacity, and could have this effect.

(b) Recent modeling of phonon-cooled HEB devices while under LO illumination has
shown bistable regions which may correspond to the bistability discussed here [6].
It has also been argued that the hotspot should be defined in terms of the critical
current as a function of position in the device, rather than the electron temperature
[7]. The latter paper also showed that Andreev reflection at the
superconducting/normal boundary should have an influence on the temporal
response of the device. A very preliminary calculation [8] of the oscillation
relaxation frequency yielded 30 MHz, which is closer to the measured value than
our simplified estimate above.,

(c) The thermal healing length in the above calculation is about half the length of the
HEB device, which will introduce some further error to the simple estimate of the
relaxation oscillation frequency, which is based on an infinitely long strip.

We want to emphasize that the relaxation oscillation frequency has been determined
to be independent of the external circuit, and must be related to the physics of the device
itself. The theory may be better fitted by measuring a longer device, an experiment which
we are now planning to perform.

2) The device is superconducting during a portion of the repetitive behavior
measured in Figure 4. During this time no power can thus be dissipated. The current rises
driven by the voltage supply, and we interpret the delay in reaching I as due to the effect of
the time constant determined by the inductance in the LP-filter and the cable, together with
resistance r. The measured inductance is 20 !AI, which yields a time constant of about 2 [Is,
which agrees reasonably well with our measured waveform. This also explains that the
repetition rate of the waveform increases with increasing DC voltage, as shown in Figure 5.
Note that the duration of the part of the repetitive waveform when the relaxation
oscillations occur, is more or less independent of the voltage.

3) In region 2, we also observe slower oscillations, at frequencies of the order
of hundreds of Hz, which can be changed by adding elements to the external circuit.
Substituting a simple bias supply consisting of a battery and a potentiometer, eliminates
these lower frequency oscillations, and only the relaxation oscillations are observed. These
are thus clearly the most fundamental phenomenon observed in the negative resistance
region.
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Consequences for device behavior in active mixer operation
The model we have used to estimate the rate at which a hot-spot domain can vary its

size could also be used to analyze device models in the stable state, where LO power is
applied to bring the differential conductivity to positive values. The modeling required for
actual HEB mixer operation is likely to be much more complex, as shown in papers by
Merkel et al. [6,7]. The advantage of our approach is that it is possible to test the models for
the bistable regions and for the temporal response of hotspots with relatively simple
measurements. Our experiments also detect higher frequencies in the GHz range, when the
HEB device is measured in the bistable region through a low-noise cooled HEMT
amplifier.

IV. CONCLUSION

In this paper we measured the voltage and the current of the NbN HEB device
simultaneously in the bistability region. We conclude that no vortices can exist in a typical
NbN HEB strip. The transition between the superconducting state and the normal state was
interpreted qualitatively as the propagation of a switching wave. The calculated relaxation
oscillation frequency based on the domain velocity is about ten times higher with the
measured result. We expect that use of a more detailed model of the device will result in
closer quantitative agreement with measurements in the future. Also, measurements on
longer devices, which we plan to carry out, should facilitate better agreement between
theory and experiment.
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FIGURES

Figure 1: Experimental Setup for the current and voltage measurement of the NbN 11E3 device

Voltage (mV)

Figure 2 Typical voltage biased I — V characteristics of a HEB device
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Figure 3: I —V characteristics of a HEB device with stabilizing resistor

Figure 4: Voltage and Current waveform in the bistability region of the HEB device
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ABSTRACT

Presently a Josephson Flux Flow Oscillator (FF0) appears to be the most developed
superconducting local oscillator for integration with an SIS mixer in a single-chip submm-
wave receiver [1, 2]. A receiver DSB noise temperature below 100 K has been achieved for
a superconducting integrated receiver (SIR) operating with an internal FFO in the frequency
range 480 - 520 GHz. The feasibility of phase locking a FFO to an external reference
oscillator at all frequencies of interest has to be experimentally proved because it is vitally
important for practical use of the SIR in high-resolution spectral studies. The increase of the
intrinsic FFO linewidth due to the larger internal damping caused by Josephson self-
coupling (JSC) effect at voltages V > Vjsc Vgap/3 considerably complicates phase locking
of the FFO. Comprehensive measurements of the FFO radiation linewidth have been
performed using an integrated harmonic SIS mixer; the obtained FFO linewidth and
spectral line profile have been compared to theory. The influence of the FFO parameters on
the radiation linewidth, particularly the effect of the differential resistances associated both
with the bias current and the applied magnetic field has been studied in order to optimize
the FFO design. New FF0 designs have resulted in a free-running FFO linewidth of about
10 MHz in the flux flow regime up to 712 GHz, limited only by the gap value of the Nb-
A10x-Nb junction. This narrow free-running linewidth along with the construction of a
wide-band PLL system has enabled us to phase lock the FFO throughout the frequency
range 490 — 712 GHz where continuous frequency tuning is possible. An absolute FFO
phase noise as low as —73 dBc and —69 dBc at 100 kHz offset from the carrier has been
achieved at 450 and 707 GHz, respectively. This satisfies the requirements for single dish
radio astronomy missions and atmospheric monitoring.

*The work was supported in parts by the Russian SSP "Superconductivity", RFBR
projects 00-02-16270, INTAS project 01-0367, the Danish Research Academy, the Danish
Natural Science Foundation, the Hartmann Foundation, and the Nederlandse Organisatie
voor Wetenschappelijk Onderzoek (NWO). Authors thank A. Baryshev, T. de Graauw,
M. Khapaev, M. Kupriyanov, A. Pankratov, M. Samuelsen, S. Shitov, H. van de Stadt,
A. Ustinov and N. Vvrhybom for fruitful discussions
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Lightweight and compact ultra-sensitive submm Superconducting Integrated
Receivers (SIR) [1, 2] with low power consumption are very suitable for both radio-
astronomical research and remote monitoring of the Earth atmosphere. The SIR is a single-
chip device, which comprises an 515-mixer with a quasioptical antenna and a
superconducting local oscillator. Presently, the Flux Flow Oscillator (FFO) [3] based on
unidirectional flow of magnetic vortices in a long Josephson tunnel junction is the best
choice for integration with an SIS mixer. Nb-A10 x-Nb FFO's have been successfully
tested as local oscillators from 120 to 700 GHz (gap frequency of Nb) providing enough
power to pump an 515-mixer (about 1 ii,\AT at 450 GHz). Both frequency and power of the
FFO can be dc tuned [2, 4]. A receiver DSB noise temperature below 100 K has been
achieved for a SIR with the FFO operated in the frequency range 480 - 520 GHz [2, 5]. The
antenna beam, approximately f79 with sidelobes suppressed below -16 dB [2], makes the
integrated receiver suitable for coupling to a telescope. An imaging array of nine SIRs has
been developed and tested [2, 5].

The frequency resolution of a receiver is one of the major parameters in spectral
radio astronomy. In order to obtain the required frequency resolution of at least one part per
million and to allow interferometric measurements the local oscillator must be phase-locked
to an external reference. In order to study the conditions for phase locking of the FFO
linewidth has been measured using a specially developed technique based on an integrated
harmonic mixer [6]; see also [2, 4]. An unexplained superfine resonance structure on the
FFO NC was resolved by this technique [7]. This structure considerably complicates FFO
phase locking. In order to avoid this structure and to realize permanent frequency tuning (at
least along the Fiske steps) we have developed a new design of the FFO. The new FF0 is
tapered at both ends so that its width is decreased from 6 1..tm to 1.5 gm over a distance of
20 lam (see Fig. 1). As a result of this modification the resonant structure was almost
suppressed. It should be noted that a tapered FFO has larger output impedance compared to
the usual FFO of rectangular shape. This also simplifies the impedance matching to the
microwave circuits.

100 gm

Fig. 1. Photo of the tapered FFO with separate control line for magnetic tuning.
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The absence of the resonance structure enables detailed analysis of the free-running
FFO spectrum. The FFO line profile has been measured in different regimes of FFO
operation and compared to theoretical models. For this we use a frequency locking system
with a relatively low loop gain (so called, frequency detector). Thus very low-frequency
noise and drift is eliminated by the narrow-band feedback and the "natural" linewidth,
determined by much faster fluctuations, can be measured. The shape of the FFO spectrum
provides important information about the relationship between internal and external
fluctuations as well as the spectral distribution of these fluctuations. According to theory [8,
9] the line shape is Lorentzian for wideband fluctuations, whereas the profile will be
Gaussian for narrow-band external electromagnetic interference, e.g. EMI with frequencies
smaller than the free-running FFO linewidth ffA UT. A Lorentzian shape of the FFO line has
been observed both at higher voltages on the flux flow step (FFS) [10] and at Fiske steps
(FS' s) [11] in the resonant regime. This means that the free-running FFO linewidth in all
operational regimes is determined by wideband thermal and shot noise fluctuations. That is
very different from traditional microwave oscillators where the "natural" linewidth is very
small and the observed linewidth can be attributed mainly to external fluctuations.

According to theory [8, 9] the radiation linewidth of a small (lumped) Josephson
oscillator is determined by the noise spectral power density, SI(0), of the bias current at low
frequencies, 0 <f < (YR,T, where8fA uT is the linewidth of the free-running junction. This
noise spectral density is a nonlinear superposition of wide-band thermal and shot noise
converted by the Josephson junction to low frequencies [8, 13]. The current noise is
transformed into voltage (and consequently, frequency) fluctuations by the differential
resistance, Rd

B = aviah, associated with the bias current IB. The dependence of the
calculate linewidth for the lumped tunnel junction is shown as curve 1 in Fig. 2. The
experimental values of the FFO linewidth (asterisks in Fig. 2) are considerably larger than
predicted [8, 13, 14]. Furthermore, there is a plateau where the linewidth does not decrease
below a few hundreds of kilohertz while Rd

B decreasing below 0.003 Q. To explain such
behavior an additional noise contribution is needed; furthermore since the FFO line shape
remains Lorentzian at FSs with small Rd

B we can conclude that this extra noise is wideband.
Thus the standard noise model for lumped (short) tunnel junction is insufficient to explain
the noise associated with the flux flow in the distributed long Josephson junction.

Recently an additional noise term, which accounts for the influence of the wideband
noise in the bias current introduced via the magnetic field control line, has been added to
form a phenomenological FFO model [11] (see also [15]):

f= (2rt
./002) (RdB K*RdH)2

where RP = a VFF07aff is the differential resistance associated with the magnetic field , and
K is a coefficient of the order of unity. Note that RP = OVFForal-cd/M, where M is the
mutual inductance between the control line and the FFO, Icy is the current in the control
line. This model allows us to calculate quantitatively the FFO linewidth in the whole
operational range (see Fig. 2 — solid line). The calculated dependence of the linewidth of the
lumped tunnel junction [8, 13] for the case of wide-band fluctuations only via 1B (K= 0) is
shown in Fig. 2 by the dashed line 1), the dependence for fixed values of Rd' 0.003 52
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and Rda = 0.03 C2 are presented by the dotted and the dash-doted lines 2) and 3),
respectively. The solid line is calculated for each experimental point taking into account all
relevant parameters (lB, V, &a, Rda , etc.). Indeed the calculations agree with the measured
linewidth over the whole range of experimental parameters by using K — 1 both on the Fiske
steps and on the flux flow step. The fact that K =1 gives the best fit is not understood, but it
may relate to the geometry of the junction and the control line. The increase of the intrinsic
linewidth at the R d

B value of about 0.01 S2 is related to the strong increase of the internal
damping [12] caused by Josephson self-coupling (JSC) at voltages V > Vjsr = 1/3*Vgap
(Vjsc corresponds to 450 GHz for Nb-A10x-Nb FFO). As a result the FFO IVCs are
deformed at Vjsr (see Fig. 4 below) and Rda' increases. The dependence of the FF0 radiation
linewidth on Rd" is shown in Fig. 3

100

10

Fig. 2. Dependence of FF0 radiation linewidth on the bias current differential resistance RdB
Curves 1 - 3 are calculated for the following parameters: Vdc= 1 mV, Iqp=3 mA, 4=7 mA, T eff

=
 4.2 K.

0.002 0.01 0.07

Control Line Differential Resistance, Rd
a
 (n)

Fig. 3. Dependence of the FFO radiation line),vidth on the control line differential resistance RdCL . The
solid curve is calculated for each experimental point for measured parameters (lB, V, Rd 

B) , Tetf
= 4.2 K.
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In order to phase lock the FF0 one has to decrease the free running linewidth, which
(in accordance to Eq. 1 and Fig. 2, 3) is mainly determined by RdB and Rd New designs of
the FF0 have been developed to achieve this, one design is shown in Fig. 1. A typical set of
the corresponding FFO IVCs is shown in Fig. 4. Data were recorded with incremented
magnetic field. Each IVC was measured for a fixed control line current, 'CL which is then
incremented by Ma 0.5 mA before the next IVC is recorded. The dependence of the Rd's and
RdCL on the FFO voltage is shown in Fig. 5.

Fig. 4. TVCs of theFf0 with new design, measured with incremented magnetic field (IcL = 10-35 mA)

Fig. 5. Dependence of the differential resistances Rd
B and R{I

CL 

on FF0 voltage measured
at different bias currents, 1B.
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Fig. 5 shows a well-defined dependence of RP' on bias voltage (FFO frequency).
This has been observed for all tested FFO of very different designs and may be considered
as universal and fundamental. Presumably it reflects the fact that introduction of an
additional fluxon in the junction requires increasing control line current as the fluxon chain
gets denser. One can see that Rd

a has a minimum at 1.45 mV (corresponding to a FFO
frequency of 725 GHz). The position of this minimum approximately coincides with Vg/2

and changes with temperature as Vg. At IB = 11 mA the Rd
a value increases considerably

from 0.03 S2 (that results in free-running linewidth of about 5 MHz) to almost 0.08 S2 at
500 GHz (1.03 mV). The free-running FFO linewidth correspondingly increases almost 10
times that considerably complicates the phase locking of FFO. Note that the JSC effect is
important only for 0.9 mV < V < 1.1 mV.

The FFO, as any Josephson junction, is a perfect voltage-controlled oscillator and
hence its frequency can be stabilized and the FFO linewidth can be decreased by phase
locking to an external reference source using a phase-lock loop (PLL) system with
bandwidth larger than 8fA ur. Actually, a PLL system will effectively suppress the influence
from external low frequency fluctuations and alter the differential resistances RI? and Rda
in the bias point. We have developed a special PLL unit utilizing an integrated SIS
harmonic mixer to down-convert the FFO signal to a 400 MHz IF signal. After
amplification the IF signal is compared to a 400 MHz reference signal in an analog phase
detector, the output of which is fed to the FFO bias supply. All reference signals as well as
the spectrum analyzer used to display the phase noise on the IF signal are phase-locked to a
common 10 MHz reference oscillator. The PLL unit is optimized for operation with a low
signal-to-noise ratio at a minimal time delay (measured delay of about 5 ns corresponds to a
regulation bandwidth of 50 MHz). The bandwidth of the complete PLL system, Afpn, is
further limited to 15 MHz due to the delay in its 2 m long cables, but it still exceeds the
free-running linewidth of the FFO with new design.

Earlier, phase locking of a Josephson oscillator was demonstrated in the frequency
range 250 — 450 GHz [16] for a FFO biased on resonant Fiske steps. In this case the initial
free-running FFO linewidth (FWHP, full width, half power) was only about 1 MHz due to
the low dynamic resistance of the Fiske resonances. The new design of the FFO [10, 11]
results in a decrease of the free-running FFO linewidth in the flux flow regime for V > VJSC.
Along with development of an improved wideband PLL system it enables us to phase lock
FFO in the frequency range from 490 to 712 GHz, limited only by the gap value of the Nb-
A10x-Nb junction. Fig. 7 demonstrates the spectra of the frequency and phase locked FFO
operating at 707 GHz. The wings at the curve "A" of Fig. 7a mark the frequency difference
from the carrier at which the phase of the return signal from PLL system is shifted by 7c/2
that results in some increase of the phase noise.

The PLL system, of course, cannot change the wide-band thermal and shot noise
fluctuations, but it can diminish both differential resistances (at frequencies f < Afpu) to
zero. This manifests itself as a constant-voltage step in the dc I-V curve of the FFO. Note
that a similar step with finite slope and larger voltage and current span appears when the
FFO is only frequency locked (see Fig. 6). The voltage locking range here is about 5 1.1,V
corresponding to a frequency range of about 2.5 GHz.

478



Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

According to Eq. (1) the zero dynamic resistance created by the PLL system results
in an infinitely sharp spectral line. Indeed, as seen in Fig. 7 b, a 1 Hz linewidth is measured
at 707 GHz relative to the reference oscillator. The 1 Hz is an artifact caused by the limited
frequency resolution of the spectrum analyzer. One can see that the residual phase noise is
as low as 75 dB below the carrier. The dependence of the phase noise on the frequency
offset from the carrier is shown with diamonds in Fig. 8. Even lower phase noise has been
measured for a FFO in the resonant regime when biased on the steep Fiske steps, f =
450 GHz (see Fig. 8). In order to find the "absolute" (total) phase noise of the phase-locked
FFO one should add the noise of the reference oscillator multiplied by n 2 where n is the
harmonic number used in the harmonic mixing. The absolute FFO phase noise (solid lines
in Fig. 8) is dominated by the reference oscillator noise for offsets < 1 MHz. Note that the
measured phase noise already meets the requirements for single dish radio astronomy and
atmospheric missions. It should be mentioned that the phase noise at large offsets probably
is limited by the measuring system rather than by the FFO itself.

Since the free-running FFO line shape is Lorentzian, the FFO power inside the
effective PLL regulation bandwidth can be calculated, see Fig. 9. From this figure one can
see that the initial FFO linewidth should not exceed 3.5 MHz to insure that the phase-
locked FFO oscillates with 90% of the total power. The present set-up has an effective PLL
bandwidth of about 15 MHz. The "unlocked" rest of the total FFO power will increase both
the phase noise (compare curves with different free-running linewidth in Fig. 8) and the
calibration error. The calibration error of the spectrometer noise temperature will be
approximately equal to the percentage of the unlocked FFO power. To overcome this
problem an additional decrease of the FFO free-running linewidth (new designs with
smaller Rd

B and Rd
cl) and an increase of the PLL regulation bandwidth are required. In this

respect the ongoing design of a new ultra-wideband PLL system that can operates at
cryogenic temperature seems very promising.

1,445 1,450 1,455 1,460

FFO Volmage (my)

Fig. 6. IVC of a FFO, frequency locked at 700 GHz.
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Fig. 7. Residual spectra of a FFO operating at 707A5 GHz. (a) Frequency locked FFO (A) and
phase locked FFO (B); the free running linewidth is (Km- = 6.3 MHz, spectrum analyzer span
100 MHz. (b) Down converted spectrum, span 100 Hz. T= 4.2 K

In order to resolve a weak signal adjacent to a strong line the PL FFO must have a
well-defined line-shape. The dynamic range of the spectrometer is closely related to the
ratio between the carrier and the spectral power density (FFO phase noise) at a frequency
offset equivalent to the channel spacing of the spectrometer. The phase noise of the phase-
locked FFO is about -80 dBc/Hz at the 1 MHz offset from the carrier for fFFID 700 GHz
(see Fig. 8). For a 1 MHz channel this gives a dynamic range of 20 dB for the spectrometer.
This figure exactly corresponds to the requirements for the HIFI wide band spectrometer (WBS).

- Phase locked FFO, C o = 70745 GHz (afaut = 63 MHz)
- 1r Phase locked FFO, f, 450 GH. 03 MHz)

0  Synthesizer at 18 GHz * (n = 24)
- Absoiute FF0 phase noise, 450 GHz (n 24)

- Absolute FFO phase noise, f Fpo = 707.45 GH. (n = 39)
3 HP Synthesither at 18 GH.
• HIFI Specification for 24-35 GH. Synthesither

-140
1

I MI, I I UN I 1 III/19 I WEI I 1 W WI. I ii 1 1111, nil

10 100 1k 10k 100k 1M 10M 100M 1G

Offset from Carrier (Hz)

Fig. 8. Phase noise of a phase-locked FFO measured at different frequencies. Since the phase
noise of the FF0 is measured relative to the nth harmonic of a synthesized oscillator, its noise,
multiplied by a factor n2 , should be added to the residual FFO noise to get the total (absolute) FF0
phase noise — solid and dash lines.
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Ratio of the FF0 power in the PLL B 5 MHz) to total FFO power

Autonomous FFO linewidth (3 dB)

Fig. 9. Dependence of the ratio of phase-locked FFO power to total power emitted on the
autonomous 3 dB linewidth, calculated for a Lorentzian line shape and an effective PLL
BW = 15 MHz.

The noise level of a phase-locked FFO at an offset from the carrier equal to the
receiver intermediate frequency (IF) will couple to the SIS mixer and raise the SIR noise
level. Usually the IF (say, 4 — 8 GHz) is far above the PLL regulation bandwidth
(< 100 MHz), the phase noise of the synthesizer and PLL will not contribute to the FFO
noise. However, for safe calculations of the requirements for FFO noise at large offsets we
may assume that this noise, Tw, contributes less than 10% of the receiver noise (say TR=

200 K at 650 GHz, so T.Lo < 20 K). This value of TR corresponds to a value of about
0,65*hf/kB at f = 650 GHz, where h and kB are Planck's and Boltzmann's constants,
respectively. The carrier power can be estimated as the power required for pumping a SIS
mixer at a specified frequency. The optimal FFO power delivered to the mixer at the LO
frequency is

PLO"t = (a*hf1,02 ffe2*Riy), (2)

where RH is the SIS mixer high frequency resistance (approx. the normal state resistance,
say 10 Q) and a =0.8. For fLo = 650 GHz PLo°Pt = 460 nW. The allowed noise/carrier
ration (NCR) can be calculated as

10 log ( PLo°P)NCR = 10 log (TL0* kB) — = -152 dBc/Hz. (3)

Certainly such low phase noise cannot be directly measured by any available
technique. Indirectly, however, we already did this when we compared the noise
temperature of the integrated receiver pumped by an internal FFO and an external local
oscillator and carefully estimated the receiver noise temperature budget. Within the
accuracy of the measurements we can conclude that the FFO did not add to the receiver
noise temperature more than 20 K at an IF = 1-2 GHz. It should be noted that balanced
mixers reject the LO noise to some degree and will further diminish the LO noise.

481



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

In conclusion, a considerable narrowing of the free-running FFO linewidth (compared
to all previous measurements) along with the construction of a wide-band PLL system have
enabled us to phase lock a Nb-A10x-Nb FFO in the frequency range 490 — 712 GHz where
continuous frequency tuning is possible. An absolute FFO phase noise as low as —73 dBc
and —69 dBc at 100 kHz offset from the carrier has been achieved at 450 and 707 GHz,
respectively. This satisfies requirements for single dish radio astronomy missions and
atmospheric monitoring.
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Abstract

To develop an efficient local oscillator (LO) operating above 0.7 THz, the gap

frequency of Nb, on a same chip with a SIS mixer, we have investigated the radiation

power P of NbN-based flux-flow-type Josephson oscillators (FF0s). The designed and

fabricated chip incorporates FF0s, SIS power detectors (DETs), and their coupling

circuits. Both FFOs and DETs consist of epitaxial NbNIA1N/NbN junctions with high

critical current density (15 < J < 78 kA/cm2). The most part of the coupling circuit

consists of NbNiSi0 2/A1 microstrip lines whose if-loss is approximately 2-3 dB. It has

been found P>200 nW, enough for the optimum pumping of a SIS mixer with

if-resistance of 50 Q, is coupled to DETs in the frequency range of 0.5-0.9 THz. The

coupling bandwidth is larger than 20% of its central frequency. In the band, the

radiation frequency is tuned by the control current through the FFO in the range of

10-100 mA. The peak power >1 [AV is detected at 0.76THz. In addition, the dissipated

power in a FFO is smaller than 500 [LW, which is less than 10 -4 of that of semiconductor

sources. These experimental results indicate that FFOs with high-fc NbN/A1N1NbN

junctions are applicable for an on-chip LO above 0.7 THz.

1. Introduction

For submillimeter-wave astronomy and global monitoring of atmosphere pollution,

flux-flow oscillators (FF0s) [1, 2] based on the flux motion in long Josephson junctions
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are suitable for a tunable, compact, and low-power consuming local oscillator (LO) on a

same chip with a SIS mixer Recently, Nb-based FFOs were successfully tested as an

integrated receiver's LO up to the gap frequency of Nb, say 0.7 THz [3, 4]. To increase

the operating frequency of FFOs beyond 0.7 THz, the material of electrodes should be

changed. There are two candidates for such electrode material. One is NbTiN grown on

several kinds of substrate materials and the other is epitaxial NbN on MgO substrates.

Though reported surface resistance of NbTiN film is reasonably low [5] and

successfully adopted for the tuning structure in SIS mixers [6, 7], it is difficult to get

low dark current when junction electrode is replaced by NbTiN. Epitaxial NbN

[8-10] is suitable not only for the tuning structure [11], but also for NbN/A1N/NbN

Josephson junctions with reasonably low dark current in the range of 5<k<127 kA/cm2

[12], where J is the critical current density of Josephson junctions. This feature of

epitaxial NbN is an advantage for FFOs and corresponding integrated receivers

operating above 0.7 THz. In this paper, we have studied the radiation power P of

NbN-based FFOs and demonstrated they are applicable for an on-chip LO above 0.7

THz.

2. Device Design

Fig. 1 shows the top view and cross-section of the device. The designed chip

incorporates FF0s, SIS power detectors (DETs), and their coupling circuits. Both FFOs

and DETs consist of epitaxial NbN/A1N/NbN junctions with high critical current density

./c (15<./c <78 kA/cm2).

The FFO's length IF is 39 or 500 gm, where the former can be used both operational

regimes of Fiske resonant and real flux-flow [3, 4], while the resonant mode is

completely suppressed above 0.3 THz for 47=500 1..tm due to a/ F>1, where a is the

attenuation constant of electromagnetic wave in a FFO. The FFO's width is WF-3 pm

which does not satisfy the conventional requirement of TV F<Vivj [1] for Jc>20 IcA/cm2,

where A,j is its Josephson penetration depth. The reason for adopting W F-3 j_tm is that

we found in another experiment FFOs with W F=2 prn become too insensitive to the

applied magnetic field to be tuned the oscillation frequency in our interested region.

Note that no degradation on characteristics has been experimentally observed for FFOs

with ifF>22j. To obtain steep current steps on its current-voltage characteristics,

important both for higher output power and narrower oscillation linewidth, so called

projection part with the length of 16 and 100 gm is introduced at the edge of FFOs [2]

with 4-39 and 500 gm, respectively. The bias current of the FFO 'BF s fed to the

junction due to its overlap geometry, while the control current /HF for applying the
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magnetic field flows through the base electrode underneath the FFO.

The length of DETs is 2-3 pm, a half of wavelength in the junction at a certain

frequency between 0.55 and 0.82 THz, where the junction capacitance is compensated

by the inductance of junction electrodes [13]. The width of DETs is 0.5-2.0 pm to get

the variation of their impedance. Both the bias current /BD and the control current [HD for

suppression of its Josephson current are supplied to the DET due to its in-line geometry.

The coupling circuit used here is similar to that reported previously [14]. The circuit

consists of impedance transformers, a dc-break, and rf-filters. An impedance

transformer with a tapered NbN/Si0 2/A1 microstripline matches the output impedance

of a FFO (0.5 Q) to the following circuits of 10-25 Q. A dc-break composed of two

microstrip stubs and a pi-slot line in an Al groundplane satisfies both <1 dB coupling

loss for rfisignal and complete isolation for dc-bias between a FFO and a DET. Rf-filters

are positioned at dc-connections for control currents on both DETs and FFOs to prevent

the leak of rf-signal. The if-loss of the total coupling circuit is estimated as

approximately 2-3 dB from our experimental dc-properties of epitaxial NbN [10] and

Al.

3. Device Fabrication

An epitaxial NbN/A1N/NbN junction sandwich was deposited on a (100) Mg0

single crystal of 20x20x0.5 mm 3 by an if-magnetron sputtering method without

intentional heating of the substrate. The fabrication process of junctions and their

characterization were already reported in detail [12]. Jc was varied by the deposition

time of the MN barrier. Thickness of base and counter electrodes was 210-250 and

220-400 nm, respectively. After the sandwich formation, the base electrode was

patterned and etched by a reactive ion etching (RIE) technique in CF 4 until the surface

of MgO substrate was exposed. Before removing the photoresist, a 250-nm-thick Si02

radical absorber was deposited. The role of this radical absorber is explained later. Next,

both FFOs and DETs were defined by the patterning and RIE of the counter electrode in

CF4 . Since sidewall of base electrodes without the radical absorber was exposed to CF4

gas plasma, the base electrode was considerably side-etched during the etching of

counter electrodes. The above-mentioned Si0 2 radical absorber prevents this side

etching, resulting in successful fabrication of 0.5-1Am-wide base electrodes. After a

900-nm-thick Si0 2 film was deposited on a whole substrate for an insulation layer, the

Si0 2 film was removed with chemical-mechanical polishing technique [15] until the

surface of counter electrodes was exposed. This planarization has advantage of both

sufficient step coverage over the edge of counter electrodes and ohmic contact between
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the wiring and the counter electrode without the formation of small via holes on DETs.

The sample was completed by evaporating a 300-nm-thick Al patterned by photoresist

stencil lift-off Typical dc-properties of NbN base electrode and Al wiring were as

follows. The critical temperature and the normal-state resistivity at 20 K of NbN are

15-16 K and 50-60 1.S2cm, respectively. The normal-state resistivity at 20 K and the

ratio of resistivities at 300 K and 20 K of Al are 0.2-0.3 1.1.0cm and 10-20, respectively.

These properties are same as those used in a SIS mixer operating above 0.7 THz [11]

4. Results and Discussion

4-1. De-Characteristics of a FF0 and a DET

Current-voltage VBF- VI, and /BD-VD) characteristics of fabricated FFOs and DETs

were measured at 4.2K with various control currents h iF and hm for the applied

magnetic field, respectively. Fig. 2 shows an example of /BF- VF characteristic of a FFO

with Jc=58 IcA/cm 2 and i/F-39 pm. In Fig. 2, current steps are appeared due to the

flux-flow in the junction, where each step corresponds to each IHF value. Since the

height of current steps Is is proportional to the generated power in the FFO and step

voltage to the oscillation frequency, it is preferable for the higher step to be observed in

the wider voltage region. As shown in Fig. 2, Is >15 mA is clearly observed for 0.6-2.7

mV. It indicates the FFO with epitaxial NbN/A1N/NbN junctions oscillates internally for

0.3-1.3 THz, i.e. close to the gap frequency of the epitaxial NbN. The oscillation

frequency is tuned by /HF in the range of 18-86 mA which can be supplied easily from

batteries or compact dc-power supplies. From /BF and VF of operating points in Fig. 2,

the dissipated dc-power in the FFO is estimated <100 IJW, since /BF flowing through

superconducting base electrode does not consume the power. No FFOs in our

experiment consume dc-power >500 pW. This value is less than 10 -4 of that of

semiconductor sources such as Gunn diodes used with frequency multipliers.

Fig. 3 shows an example of /BD-VD characteristic of a DET with Je=15 kA/cm
2

 and

the area of 2.9 x 0.5 1.1m 2 . The Josephson current is successfully suppressed by 'I-ID.

The solid line denotes the unpumped curve, while the dotted lines pumped ones when

the coupled FFO is biased on a current step shown in Fig. 2. As shown, the

photon-assisted tunneling (PAT) current is observed for a various bias voltage of

coupled FFO rF. The first PAT step is seen around V=1 .8 mV The frequency of the

irradiated wave is related to the voltage of the first PAT step rn-vri below VG as

fpxr=e ( FG- UPATi)/h, where VG is the gap voltage of a DET, e the unit charge, and h

Planck's constant. From I-G=5.4 my and VpAT i
= 1.8 mV, we gotfpAl;---0.86 THz, which is

486



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

consistent with the oscillation frequency of the coupled FFO estimated from VF as

fF=2eVF/h=0.85 THz.

4-2. R[-Coupling between FFO and DET

Based on the experimental unpumped 'BD-ID curve, theoretical pumped curves are

calculated [16] for various if-voltages in the DET Gip. By fitting the theoretical pumped

curve to the experimental one, we get J . From Vrm and the normal resistance of the

DET RND , detected power is calculated as P=VdD 
2
/(2RND). Fig. 4 shows the detected

power as a function of frequency for 5 samples. Each sample has different values offc

and thickness of SiO2 insulator tsio2 used in microstrip coupling circuits. For comparison,

theoretical power required for the optimum pumping for a RS mixer with rfiresistance

of 50 Q is also plotted as small dots in Fig. 4. As shown, the detected power is larger

than the theoretical optimum pumping power between 0.5 and 0.9 Tflz. The

3dB-bandwidth of each sample is larger than 20% of its central frequency. The peak

power of 1.3 iW is detected at 0.76 THz i.e. above the gap frequency of Nb, which

indicates the advantage of NbN-based FF0s.

4-3. Optimum Jc

To be clear the preferable fc values, in Fig. 5, we plot in closed circles the peak

value of detected power as a function of J. As shown, the peak power increases with le

and saturates around 70 kA/cm 2 . The open squares denote the ratio of junction's subgap

resistance at 2mV to its normal resistance RND, i.e. how small the dark current is. As

shown, the normalized dark current is almost independent of ic below 70 kA/cm 2 . From

these preliminary results, tentative optimum region of ic is 50-70 kA/cm 2 . This value

corresponds to coADCsRND product at 0.7THz of 3-5, which is calculated from

ic-dependent specific capacitance Cs [12] and JcA DRND=3.75 mV which is

experimentally obtained, where co is the angular frequency and AD the area of DETs.

This coA DCsRND value is also suitable for the design of SIS mixers on a same chip with

FF0s. For practical application, further discussion on optimum fc will be necessary

from the view point °fie-dependent oscillation linewidth of FFOs [17].

4-4. Upper Frequency Limitation

Fig. 6 shows the relation between the maximum coupling frequency .fmc and iSi02

used in microstrip coupling circuits, where the inset shows the definition of A ic. The
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solid line denotes the designed value and triangles the experimental ones. As shown, the

experimentalfmc is 10-20% smaller than the designed value. To study the reason of this

discrepancy, in Fig. 7, we compare the experimental (triangles with line) and theoretical

(solid curve) frequency-dependent power transmissions from a FFO to a DET, where

two types of microstrip coupling circuits are adopted. The insets show the configuration

of microstrip lines.

Fig 7 (a) shows the case of normal microstrip line used for our present design. The

electric field in the line concentrates under the stripline. The contribution to the line

capacitance of the free space behind the stripline is negligibly small because of its low

dielectric constant (r= 1) though weak electric field exists in the free space. Note that a

substrate behind the groundplane never contributes since the electric field does not exist

in a substrate. Using this model for the calculation, we find the discrepancy between

theoretical and experimental frequency responses.

Fig. 7 (b) shows the case of embedded microstrip line closer to our device

configuration shown in Fig. 1 (b). A MgO substrate with F.,=9.6 is attached not behind

the groundplane but behind the stripline. Because of the electric field in the substrate,

the substrate increases the line capacitance, i.e. decreases fmc from the initial value of

the normal type. As a result, theoretical value fits reasonably experimental one.

In Fig. 6, the designedhc based on embedded microstrip circuits is also plotted in

open squares, which agree quantitatively with experimental value. These results indicate

fmc of the present experiment is determined not by FFOs but by microstrip parameters

far from the optimum value. It suggests the future possibility of detection of required

power for 0.9-1.3 THz after redesigning the coupling circuit based on the embedded

microstrip model.

5. Conclusion

We have demonstrated the radiation power P>200 nW from NbN-based FFOs is

detected by on-chip STS detectors for 0.5-0.9 THz. The peak power >1 f_LW is detected

above the gap frequency of Nb. The coupling bandwidth is larger than 20% of its central

frequency. In the band, the radiation frequency is tuned by the control current through

the FFO in the range of 10- 100 mA. The dissipated power in a FFO is less than 500 jiW.

Higher Jc is preferable for larger P. The maximum detectable frequency is determined

by parameters of microstrip coupling circuits. These experimental results indicate that

FFOs with high-4 , NbN/A1N/NbN junctions are applicable for an on-chip local

oscillator above 0.7 THz.
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(b)

Fig. 1. Top view (a) and cross-section (b)

of a FFO and a coupled DET. Al wiring is

not shown in (a).

Fig. 3, IBIr VD curves of a DET with

Jc= 15kA/cm2 and area of 2.9 X 0.5 1.1m2

under various oscillation frequency of the

coupled FFO.

Fig. 4. Detected power P vs. oscillation

Fig. 2. /F3F-VF characteristics of a FFO frequency of FF0s. Experimental results

with Jc=58kAicm 2 , /F=39 1..tm, and WF=3 on 5 samples with various k and tSi02 are

1.im under various control currents /1-IF. shown. Theoretical optimum pumping

power for a SlS mixer with if-resistance

of 50 Q is plotted in small dots.
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Introduction

Calabazas Creek Research, Inc. (CCR) is developing advanced backward wave oscillators
(BW0s) operating from 300 GHz to more than 1 THz. The BWOs will be used by the
National Aeronautics and Space Administration as local oscillator sources in heterodyne
receivers for low-background astronomy observations and remote sensing. Above 100
GHz, only BWOs have broad tunability (over 100 GHz) and high output power (-1 mW).
The current program will reduce the weight, improve the efficiency, and extend the operat-
ing range of these devices.

CCR is working with Sandia National Laboratory to utilize advanced masking and etching
techniques to reduce manufacturing cost and achieve unprecedented feature sizes. This
will allow significant reduction in the periodicity of the BWO circuit, reducing the operat-
ing voltage and extending the operating frequency to more than 1 THz. Twenty six circuits
can be made on a single 6 cm diameter wafer, significantly reducing the cost and improv-
ing reliability. The circuits will be manufactured using the LIGA process, and the results
will determine what frequency range can be achieved. The current 600-700 GHz BWO
requires feature sizes of approximately 20 microns, while LIGA is capable of producing
feature sizes on the order of 5 microns. This indicates that frequencies approaching 2 THz
may be achieveable. Circuits up to 1.9 THz are being manufactured for evaluation.

The output coupling into waveguide was redesigned to increase the amount of usable
power by a factor of 5 in the 600-700 GHz BWO. Similar designs are now in progress to
extend these techniques to the higher frequency BW0s. CCR is also investigating alterna-
tive coupling schemes to eliminate the requirement for waveguide output.

The current BWO utilizes an external permanent magnet to provide the 1.1 T field
required for beam confinement. Recent research on W-Band sources developed techniques
to confine electron beams using periodic permanent magnets within the vacuum

envelope'. Research is underway to determine if such techniques can be applied to the
BW0s. If successful, the weight of the BWO system would be reduced from approxi-
mately 20 Kg to a few hundred grams with a similar reduction in size.

Finally, the prototype BWOs will incorporate a single stage depressed collector for energy
recovery from the spent electron beam. Simulations indicate that approximately 80% of
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the energy can be recovered, significantly increasing the device efficiency. This will
reduce the electrical power requirement and eliminate water cooling.

Circuit Design

Calabazas Creek Research is using Microwave Studio to model the BWO circuit. The
configuration of the BWO circuit is shown in Figure 1. Initially, the existing 600- to 700-
GHz circuit was modeled in an attempt to duplicate the performance of the BWOs at the
Jet Propulsion Laboratory (JPL). In parallel with the Microwave Studio simulations,
which use a finite difference mesh, an analytical code was developed that allows
simulation of circuits in seconds of CPU time, rather than the tens to hundreds of minutes
required for Microwave Studio.

Output Waveguide

Figure 1. Layout of BWO circuit. The beam scrapers carves grooves in the
rectangular electron beam for the slow wave structures downstream. The
RF power is extracted through the base into rectangular waveguide.

The BWO circuit is periodic, so it is only necessary to model several periods. The
geometry simulated is shown in Figure 2. The electron beam moves in the Z-direction, and
there are five parallel rows of BWO posts, or pintles.

These efforts were successful in matching experimental measurements. Figure 3 compares
the Microwave Studio analysis of the existing BWO with measured results at JPL. The
agreement looks very good with the exception of two experimental points, which appear
to be anomalous. The agreement is extremely good over the upper half of the band from
650 GHz to 700 GHz. The agreement with the measured results provides confidence in the
accuracy of the model, which can then be used to calculate the magnitude of the electric
fields, shown in Figure 4.
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Figure 2. Periodic structure used in the Microwave
Studio simulations. The enclosing box represents the
size of the existing beam tunnel.
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Figure 3. Comparison of measured and simulated
dispersion of the 600- to 700-GHz BWO. Measured
data is from NASA/PL.
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The model also allows
analysis of potential
competing modes. The
simulation modeled the
first five modes in the
operating band. The
predicted behavior of
these modes in shown in
Figure 5.

When the model was
correctly predicting the
observed performance, it
was used to examine the
effect of proposed
changes in the circuit
and beam tunnel
configuration. The
existing beam tunnel is 300p high and 2,4001.1 wide. Apparently, the width was chosen for
convenience by the current BWO manufacturer (Istok Co.) to facilitate manufacture.
Using LIGA for manufacture allows simplification of the design to provide better
performance. One of the first modifications proposed was to reduce the width of the beam
tunnel from 2,400[t to 600g. The new output coupler is approximately 600p wide. It was
necessary to determine if this change negatively impacts BWO operation. Figure 6 shows
a comparison in the dispersion for this change as compared to the original design and
measured results. The figure shows the proposed modification does not have a significant
impact on BWO performance.

The interaction of the
circuit with the
electron beam is
important to
understand. As
modifications are
made to the circuit for
higher frequency
operation, there must
be sufficient beam
current density near
the slow wave
structure to initiate RF
generation. As the
frequency is increased,
the required current
density increases.
Because the cathodes
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for the program are already purchased, it was necessary to determine how high in
frequency they can operate. This will probably be the limitation in frequency until other
cathodes are developed, because the LIGA process can produce circuit structures very
high in frequency.

Figure 4. Arrow plot of the electric field strength at a phase shift per period
of 300 degrees, f = 654 GHz. The size of the arrow is proportional to the
electric field strength.

The relationship between the sheet electron beam and the circuit is shown in Figure 7,
which is a cross section of the BWO looking in the Z-direction. The beam passes over the
top and partially between the rows of pintles.

Figure 5. First five modes of the 600- to 700-GHz BWO

A plot of the electric field at various y-positions is shown in Figure 8. The peak fields
occur at the tops of the pintles but significant field also extends into the region between
the rows of pintles. this provides increased coupling to the electron beam.
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When the magnitude of the fields is calculated, one can simulate impedance. The
impedance is used to determine the ability of the electron beam to initiate oscillation. The
impedance for both the existing BWO and a BWO with the reduction in beam tunnel
width from 2400g to 6001,1 were calculated. The greatest difference between the x = 2400g

Figure 6. Top figure is simulated phase velocity versus frequency. Lower plot
is comparison of frequency versus phase shift.

and 60011 cases is the behavior of the higher order modes. For the standard case, the next
group of modes occurs much higher in frequency (approximately 10 THz). Reducing the
x-dimension to 60011 causes this mode to shift down in frequency significantly
(approximately 1 THz).

This reduction also places this mode in the vicinity of the second harmonic frequency of
the operating mode, which might be problematic. To investigate this occurrence, the
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impedance at a phase shift of 270 degrees as calculated for the first branch of these higher
modes occurring at about 1500 GHz. We determined that the impedance is significantly
lower than the operating mode frequency, which means the desired mode should oscillate
at a lower current than the higher order mode.

300 microns

Figure 7. Schematic showing circuit coordinate system and electron beam.

Simulations are in progress to optimize the geometrical configuration for the 600-700
GHz BWO. Preliminary results indicate that the current spacing between rows of pintles
(34g) might not be optimal. In fact, the field structure appears more uniform with a
spacing of about 10g. Keep in mind, however, the requirement for beam transmission
between rows. Reduced spacing may cause problems with beam alignment.

Figure 8. 1E4 1 2 as a function of x at several y locations for Beta L = 300 degrees
(655 GHz) for standard case.

Higher frequency circuits were designed up to 1.9 THz. In theory, the circuit can be
simply scaled by the frequency. Unfortunately, this requires an increase in the beam

498



E Plane Scan

H Plane Scan

-5
-0 -10
.>, -15
ro -20
a) -25
— -30

-35
-40

-40-30-20-10 0 10 20 30 40

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

current density to get equivalent coupling. Several cathodes are already procured, so the
design must be analyzed to determine how high in frequency the design can go and still
use these existing cathodes. If necessary, higher current density cathodes can be procured;
however, high emission current density also means reduced lifetime. There is also a 2- to
3-month delivery schedule for additional cathodes.

The higher frequency circuit configurations were designed and transmitted to Sandia
National Laboratory, where the wafer will be made using the LIGA process. The
lithographic process was initiated and 26 circuits are scheduled for delivery in July 2002
operating from 530 GHz to 1.9 THz.

Output Coupler

The existing BWOs couple the output
power from the circuit directly into
overmoded rectangular waveguide.
Calculations and measurements indicate
that less than 10% of the RF power is
coupled into the fundamental waveguide
mode. Consequently, only a small
fraction of the output power is usable by
downstream instrumentation. The
program investigated modifications to the
output coupling scheme to reduce
generation of spurious modes and radiate
the power in a pure Gaussian mode.

0
-5

Ty -10The waveguide dimension were reduced
-15at the slow wave circuit to only transmit

:(7) -20the fundamental TE io rectangular mode.
oc -25

A 2 micron iris was incorporated to match ta _30
the waveguide to the RF circuit. A series -35 -
of step transformers convert the TE io _40

-40-30-20-10 0 10 20 30 40rectangular mode into a TE ll circular
Angle (degrees)

mode in round waveguide. A non-linear
horn is employed to generate a
combination of TE ii and TE, 12 modes
which, when combined together after a
phasing section, radiate a 95% pure Gaussian free space wave.

A scaled version was built and tested at W-Band. Results of the measurements are shown
in Figure 9. The spurious side lobes shown in the H-plane scan have since been eliminate
following correction to the design code. A 600-700 GHz version of the output coupling
system was manufactured and tested successfully at JPL.

Figure 9. Measured performance of
scaled output horn

499



Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

Output Window

The current output windows consist of thin film glass mounted to stainless steel weld
flanges. The new output design utilizes a dual mode horn to generate a Gaussian mode, so
the guide wavelength is no longer the same. Fused silica is being investigated to provide
half guide wavelength windows. Calculation indicate that the maximum VSWR in the
operating band should be less than 1.4:1, which is considerably better than in the existing
BW0s. It is anticipated that this will lead to reduced reflected power and better
performance of the device.

Depressed Collector

The interaction efficiency of BWOs is typically less than a few percent, so most of the
electron beam energy is dissipated in the collector. A single stage depressed collector was
designed to recover this energy and improve the overall efficiency of the device. The
power reduction also allows elimination of the water cooling required for the existing
BW0s. A simulation of the depressed collector is shown in Figure 10. Electrons from the
cathode pass through the slow wave circuit, across an insulating gap, and into a cavity
designed to contain reflected and true secondary electrons. The cavity material is graphite
to reduce the number of secondary and reflected electrons generate. Simulations indicate
that approximately 85% of the beam power can be recovered. This will reduce the
maximum power required for the BWO from 270 W to less than 50 W.

Figure 10. Simulation of sheet electron beam with single stage
depressed collector. Primary electrons, reflected primary electrons, and
true secondary electrons are indicated. Simulation is at 5,000 Volts, 30
mA.

Reduction of Magnet Size and Weight

Techniques are currently being developed to integrate permanent magnet focusing into W-
band klystrons. This work is funded by the U.S. Air Force through the Multidisciplinary
University Research Initiative (MURI), and CCR is involved with this program. The
magnet research is being performed at the Stanford Linear Accelerator Laboratory.
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Basically, permanent magnets and iron pole pieces are incorporated directly into the
LIGA-produced structure to place the parts extremely close to the electron beam. This
proximity reduces the magnetic field required and dramatically reduces size and weight.

CCR is investigating a similar technique for the BW0s. Because the BWOs use a sheet
electron beam, permanent "wiggler" focusing is being considered. Preliminary
calculations indicate that sufficient field strength can be generated using wiggler focusing
adjacent to the electron beam and within the vacuum envelope. This procedure reduces the
total weight of the BWO and magnet from 15 to 20 kG to less than 0.5 kG.

Implementation of permanent magnet, wiggler focusing requires a different type of
electron gun. The current gun is totally immersed in the 1.1 T field, which provides the
required focusing. Immersion will not be possible with permanent magnet, wiggler
focusing, because the magnetic field will not extend into the gun region. Consequently, it
is necessary to design an electrostatically focused, convergent gun. CCR currently has a
Department of Energy SBIR grant to develop a sheet beam gun for an X-band klystron, so
the actual gun design will not be a major task. Mechanical design of such a gun with the
small size required could, however, be a significant development effort. One alternative
being considered is a field emitter array (FEA) cathode. FEA cathodes do not require a
heater and are theoretically capable of very high current densities—higher than available
with the existing cathodes.

BWO Construction and Test

A solid model of the 600-700 GHz
beam line assembly is shown in
Figure I I. The main body assembly is
approximately 2 cm X 2 cm X 4 cm and
will be enclosed within a copper or
glass vacuum envelope. The basic
assembly is designed for compatibility
with several of the LIGA circuits being
manufactured. The output waveguide/
Gaussian mode antenna and window
are frequency dependent, so these items
must be designed for each particular
frequency band. All circuits will have
the same base structure so they will be
interchangeable within the BWO body
section. When the basic configuration is
designed, it should be fairly
straightforward to install various
circuits and output components into a
standard BWO body. This capability
will reduce the design effort,
manufacturing costs, and reliability
while facilitating rebuilds.

Figure 11. 600-700 GHz Beam Line
Assembly.
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The cathodes, magnet, power supplies, are completed. The LIGA circuits are currently
being manufactured with delivery scheduled for early July. Drawings for the remaining
parts, including the window, body, collector, electrical feedthroughs, and vacuum
envelope are in progress. It is anticipated that final assembly of the prototype 600-700
GHz BWO will begin in July with completion in August. Testing will begin as soon as the
prototype is completed.

Following successful test of the 600-700 GHz BWO, construction will begin for the next
BWO in the frequency series which will operate from 650-900 GHz. Additional BWOs
will be built and tested as time and funding allow.

Program Summary

A complete, theoretical understanding of the BWO circuit and interaction with the
electron beam are essentially complete. This understanding will facilitate optimization of
BWO performance and extension of the design to higher frequency, output power, and
efficiency. Additional analysis is planned to improve understanding of RF coupling from
the slow wave structure into the output waveguide slot.

Analysis to date, coupled with dramatic advances in micro-electro-mechanical systems
and FEA cathodes, provides many possibilities for improvements in BWO performance,
reduction in weight and power requirements, and reduction in size and weight.

1. Glenn Schietrum, A. Burke, G. Caryotakis, A. Haase, L. Song, "W-Band Klystron
Research," Pulsed Power Plasma Science 2001, 28thy IEEE Intern. Conf. Plasma Sci.,
June 2001, Las Vegas, NV.

This research is funded by National Aeronautics and Space Administration Small Busi-
ness Innovation Research contract No. NAS3-01014.
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NOVEL HETEROSTRUCTURE DEVICE FOR THZ POWER GENERATION

Z. S. Gribriikov i  2 , N. Z. Vagidov l , H. Eisele2, V. V. Malin', and G. I. Haddad2
'Department of ECE, Wayne State University, Detroit, Michigan 48202

2Department of EEGS, University of Michigan, Ann Arbor, Michigan 48109

It has been shown that oscillations at THz frequencies can occur when carriers in a semiconduc-
tor device have a particular energy-wave vector dispersion relation with a section of a negative

effective mass (NEM) like in Fig. 1. The device structures that
have been investigated so far had one major disadvantage: These
oscillations occur only at cryogenic temperatures and the gener-
ated RF output power is low [1]. The main reason for this is the
range of energies where the NEM is present in the dipsersion re-

- lation. To overcome this disadvantage and to place this region
within a more desirable interval (0.1-0.3 eV), a new hetero-
structure device is proposed. The main idea is the use of a struc-
ture that consists of two parallel channels of current conduction

0 NEM 
k with different properties. In one of them, i.e., the quantum well

(QW) of Fig. 2, electrons, as the carrier chosen here, have a
small effective mass, whereas in the other channel, i.e., the su-
perlattice (SL), the effective mass of electrons is several times
higher. At IQ = 0 (where k, is the component of the wave vector
k along the growth direction of the SL), the electron wave func-

tion is localized almost completely in the QW. As lc, increases, the electron wave function ex-
pands further into the SL. As a result, electrons become heavier and heavier. Such a dynamic
(quantum) real-space transfer (without any electron scattering) causes an NEM section to appear

in the lowest subband of the QW. The position of this section
relative to the conduction band edge, the width in energy of this

(barrier)I SL QW subband, and its distance from upper subbands is determined by
top key parameters of the QW and SL. Several versions of suchmSL > QW barrier structures were investigated. The most promising choice is a

(niniband)
•••••••• configuration where the transverse motion of electrons in the SL

Z is limited by an additional electric field. This electric field results
x from a p-type doping in the SL barrier layers and the n-type delta

doping of the barrier layer on top of the QW. This electric field
provides additional control over where the NEM section occurs

Fig. 2. Simplified heteropotential
profile for one of the proposed in the dispersion relation. The QW and the top barrier layer with
device structures as used in the delta doping can be realized on the edge of the SL using the
calculations. same method of cleaved-edge overgrowth in an MBE system as

for T-shaped quantum wires. An alternative method is glancing-
angle overgrowth in an MBE system. Numerical calculations were carried out for the proposed
device structures and they yielded the best results for a fully strain-compensated SL of lattice-
mismatched InGaAs/InAlAs on InP and a QW of InGaAs lattice-matched to InP.

[1] Z. S. Gribnikov, N. Z. Vagidov, A. N. Korshak, and V. V. Mitin, J. Appl. Phys. 87, 7466
(2000).

Fig. 1. The formation of an NEM
region in the lowest branch / from
the anti-crossing of the two initial
dispersion branches 1 and 2.
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A Novel Full Waveguide Band Orthomode Transducer

Gopal Narayanan l , and Neal R. Erickson

Department of Astronomy
University of Massachusetts

Amherst, MA 01003

Abstract

At millimeter and subrnillimeter wavelengths, cryogenically cooled receivers based
on STS and HEB technologies are approaching the quantum limit in noise temperature.
Further increase in sensitivity can be obtained by using dual-polarized operation. One
of the principal components of a dual -polarization receiver is a polarization diplexer
or orthomode transducer (0MT). Traditionally the OMT used in radio astronomy re-
ceivers is the wire grid, which can be large and bulky. A waveguide based OMT, on the
other hand, can be integrated with the mixer blocks and cryogenically cooled thereby
reducing ohmic losses. A waveguide based OMT also lends itself well to integration
into focal-plane array receivers. In this paper, we present the design of a novel OMT
that can be constructed using conventional split-block techniques. The design is based
on the proposed Bd)ifot OMT by Wollack [1], but has been considerably modified to
(a) make it easy to fabricate, and (b) make it scalable to I THz. The return loss
is —20 dB or better over a full waveguide-band (r- 40% bandwidth), and the cross-
polarization and isolation are better than —70 dB. Design details of a W-band OMT
are presented.

1 Introduction

An orthomode transducer (OMT) is a device that separates orthogonal polarizations within
the same frequency band. In the literature, OMT's are called by various other names such
as polarization diplexers, dual-mode transducers, orthomode junctions or orthomode tees.
With receiver noise temperatures of waveguide-based SIS and HEB mixers approaching
a few times the quantum limit, further increase in sensitivity can be obtained using dual-
polarized operation. In radio astronomical applications, the conventional way to separate
orthogonal polarizations is the wire-grid diplexer, which is a quasi-optical device that con-
sists of free-standing parallel wires. The polarization with the E-field parallel to the wires is
reflected, while the component orthogonal to the wires is transmitted through. However, the
wiregrid polarization diplexer is large and bulky. If we desire the mixers for both polariza-
tions to reside in one cryostat, the wiregrid should preferentially be inside the dewar, which
correspondingly increases the size of the required dewar. A broadband vvaveguide-based
OMT would be a preferable alternative as it would much smaller, and it would be a good
match to available high-performance dual-polarized broadband corrugated feedhorns.

'e-mail: gopal@ astro.umass.edu
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waveguide based OMT also lends itself well to integration into focal-plane array receivers.
In this paper, we present the design of a full-waveguide band OMT for the W-band, which
is scalable to 1 THz.

2 General Considerations for OMTs

With improved fabrication techniques [2,3,4], high-quality waveguide blocks can be made
to 1 THz and beyond. One of the principal requirements in our design is the scalability
of the design to terahertz frequencies. An OMT used for radio astronomy purposes should
satisfy several important requirements: (1) A return loss of EN., 20 dB or better for a full
waveguide band 40% bandwidth). (2) Isolation between the two orthogonal polariza-
tion ports of better than 40 dB. (3) Cross-polarization term should be less than 40 dB.
Cross-polarization for a given polarization port is the amount of signal present from the
orthogonal polarization. One of the driving goals of an OMT design should be that the
cross-polarization introduced by the OMT should not exceed that produced by the optics
and feedhom that precede it in the system. (4) Low Insertion Loss. Since the OMT will
be operated cryogenically the ohmic losses are less important that for room temperature
operation. (5) The design should be scalable to 1 THz. The fabrication of the OMT should
lend itself to established split-block techniques.

For any waveguide device, the broadband operation of the device is tied to its symme-
try properties. Symmetrical or non-symmetrical transitions in waveguides produce higher
order modes. Most of the higher modes are evanescent and do not propagate. However,
uncompensated higher order modes store reactive energy which prevents the broadband
operation of the device. What sorts of higher order modes are produced often dictates
the broadband isolation and input match of waveguide devices. To design a broadband
device, it is necessary to design the transitions such that only even-order higher modes
are produced, because they are easier to compensate. A waveguide device is defined as
symmetrical if different transitions cause the dominant mode to only generate symmetrical
(even-order) higher modes. A device is defined as non-symmetrical if the dominant mode,
in addition produces odd-symmetrical higher order modes.

Boifot classified waveguide-based OMTs into three groups [5,6] based on their in-
creasing symmetry. Class I represents the simplest and most common approach, with one
main arm for one mode and one orthogonal sidearm for the other mode. The Main arm
mode is symmetric while the sidearm mode is not. An example of such an OMT is that
used in [7], where the H-bend in the sidearm breaks its symmetry, resulting in narrower
percentage bandwidth (— 20%). The Class II configuration OMT is more complex. Here
there is one main arm, but the side arm is split into two symmetrical parts from the main
arm. An example of this sort of device is that presented in [5] and implemented by Wol-
lack [1]. In this device, the main arm mode sees a symmetrical device as in the Class I
equivalent. In addition, the side arm also sees symmetrical splitting and combining junc-
tions. The symmetrical nature of this splitting and combining makes it possible to achieve
a good broadband match even for the side arm mode. The Class III OMTs are even more
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complex, with both the main and side arms split into two symmetrical parts. The split-
ting junction essentially forms a classic turnstile junction whose matching properties have
been well studied [8]. Since the splitting junction is symmetric both in the main and side
arms, higher order symmetric modes will naturally be canceled in both arms, and thus these
OMTs should have a natural broadbanded match and isolation performance. However, this
class of OMT is very complex and hence expensive to fabricate.

Figure 1: (a) The six-port Classic Turnstile Junction. A and B denote the two ports at the
input for the orthogonal polarization. (b) Folded Turnstile Junction, which becomes a Class
II OMT. Ports Al and A2 are folded together.

The Boifot junction [5] is a Class II OMT, but it can be thought of as a turnstile junc-
tion where two of the ports have been folded parallel to the common port (see Figure 1).
The two ports that form the main arm are separated by a metal septum, recombined into
square waveguide and then transformed into a standard full-height waveguide. The two
symmetric side arms remain the same as in the Class III turnstile-type OMT. For the po-
larization meant for the side arms, the septum can be thought of as back-to-back "mitered"
bends which feeds the symmetric side arm ports. A WR-42 OMT based on the BQifot de-
sign was made and tested by Wollack [1]. In BQifot's design, pins are placed at the entrance
apertures of the side arms. There are a pair of such pins for each sidearm. These pins act as
capacitive posts. From the perspective of the main arm, these pins tune out the discontinu-
ity of the holes created by the side arms in the main waveguide. From the perspective of the
side arms, these pins along with the shape of the septum serve to tune out the dispersive re-
flective termination that is created by the septum in the main arm. While the pins provided
adequate match for the OMT, their small diameters (0.127 ram for the 3 mm band) and the
complexity of assembly of the pins in the block make them unsuitable for scaling the OMT
to terahertz frequencies. In this work, we replaced the pins with capacitive steps at the side
arm apertures (see Figure 1) which are easy to fabricate in-situ with the waveguide block,
and work as effectively as the pins do.
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3 OMT Design

3.1 Design Methods

Most parts of the OMT design was carried out using CST Microwave Studio (CST MWS)
[9]. CST MWS is based on the finite integration (Fl) method, which is a one-to-one trans-
lation of Maxwell's equations into a discrete space formulation without simplification or
specialization. As a general approach its theoretical framework has been developed by the
likes of particle accelerator designers for over three decades, and hence is a robust design
tool. The FT method works explicitly in the time domain, and hence a full broadband simu-
lation can be performed in one single solver run. MWS is well suited for electrically large
structures and features a powerful, parametric drawing editor to lay out the structures. It
also comes with a built-in optimizer which was used heavily to optimize the geometry of
the septum and the dimensions of the capacitive waveguide steps. While most of the design
was carried out in CST MWS, some critical portions such as the junction part of the OMT
were also simulated with Agilent's HFSS [10]. The HFSS results verified the predictions
of CST MWS, and hence the final results and optimizations were derived using the latter.

3.2 OMT Junction

The design of the complete OMT was done in several steps. First the OMT junction where
the main and side arm waveguides meet was designed. The two orthogonal polarizations
A and B (see Figure lb) travel through the input square waveguide (WR-10 dimensions
2.54 x 2.54 mm). The septum lies in the split block plane at the junction. Polarization A
travels straight through the main arm, while polarization B is split through the side arms
and later recombined. The design and optimization of the septum and capacitive waveguide
steps were carried out separately for both polarizations. Full symmetry considerations were
used. Only one quarter of the structure shown in Figure lb was simulated with magnetic
and electric walls on the planes of symmetry being applied to reduce the problem size and
solution times. The optimization was carried out for best input match over the 75 — 110
GHz for both polarizations by varying a variety of physical dimensions of the junction.
The parameters that were varied included the size of the aperture for the side arm (the side
arm waveguide height), length and width of the capacitive step, and several geometrical
dimensions of the septum. The metal septum was treated as a perfect conductor. Both for
simplicity of optimization and for fabrication ease, the septum was modeled as a simple
shape with straight edges. Due to the requirements that the design be scalable to a THz,
the design was pushed towards geometries where the thickness of the septum was greater.
The final optimized design for the junction is shown in Figure 2. Figure 3 shows the input
match at the OMT junction for the main arm and side arm polarizations for the chosen
geometry.

The side arm waveguide is 0.813 mm (0.032") in height, with the capacitive step in
the waveguide measuring 0.208 x 0.165 mm in dimension. The requirements of good input
match for the two polarizations have an opposite dependence on the thickness of the sep-
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Figure 2: (a) Split-block view of the optimized OMT junction. All dimensions are in
millimeters. (b) View of the Septum with some relevant dimensions. The septum is 0.254
mm thick for the W-band OMT.

turn. The bandwidth of good match for the side arm polarization (polarization B) increases
with increasing septum thickness. For this polarization, increasing septum thickness makes
the septum look more and more like back-to-back mitered bends. For the main arm (po-
larization A), the bandwidth of good match reduces with increasing septum width. A thin
septum produces less discontinuity than a thick septum. The dimensions and geometry of
the capacitive step acts as an additional variable in adjusting the match. The optimal thick-
ness of 0.254 mm chosen here for the septum represents a good compromise for the two
polarizations, while still remaining an easy enough junction to fabricate.

3.3 E-Plane Bend Across Split Block

In the main arm, polarization A travels through the 1:1 square waveguide and is then trans-
formed into a full-height rectangular waveguide. The transformer is followed by an E-plane
bend across the split-block to bring the port out orthogonal to the side-arm port. The square
to rectangular transition is accomplished using a 3-section transformer. The transformer is
immediately followed by the E-plane bend. The bend itself consists of two steps, both be-
low the split block plane (see Figure 4). In the top block of the split-plane, a full-height
rectangular waveguide brings out the main arm port to the outside world. The rectangular
waveguide in the top block is hard to machine (it would have to be punched or fabricated
as a cylindrical insert and pressed and soldered prior to milling the rest of the features in
the top half). In view of this, we designed an oval waveguide which can be directly ma-
chined with an end-mill. The oval waveguide uses full-radius corners (0.635 mm), and
has a = 2.79 mm (10% increased). Figure 4c shows that the reduction in bandwidth of
match for using oval waveguide is minimal. The distance from the OMT junction shown
in Figure 2 and the transformer E-plane bend shown of Figure 4 is 0.94 mm. This distance
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Figure 3: Input match (S11) in dB for the polarizations in the main and side arms for the
OMT junction. The side arms match is worse because the side arm sees less symmetry than
the main arm. Nevertheless, between 75 — 110 GHz, the match is seen to be at least as good
as the required 20 dB.

was optimized in a linear circuit simulator [11] by using ideal rectangular waveguide trans-
mission line sections between the de-embedded S-parameter equivalent networks from the
OMT-junction and the transformer section.

3.4 E-Plane Combiner for Side Arm

The two side arms are made to bend around the main arm features through a pair of E-plane
bends and are then recombined into a full-height rectangular waveguide which emerges on
the opposite side of the square input waveguide of the block. A full-height to full-height
waveguide E-plane power divider/combiner design has been recently presented by Kerr
[12]. In the Kerr design, the two incoming ft-ill-height rectangular waveguides meet in a
square waveguide section which is then transformed back into rectangular waveguide. The
resulting combiner is physically quite long (, 8 mm for W-band). We designed a very sim-
ple power combiner with excellent performance across a full waveguide band to combine
two side arm waveguides (with a height of 0.813 mm each) to full-height waveguide. This
combiner has the advantage that its length is quite small (2.54 mm). Figure 5 shows the
cross-sectional view of the resulting combiner and its predicted performance.

At the junction of the combiner, the two waveguide arms are a little over half-height
(0.762 mm high). There is a broad pedestal in the middle of the combining junction. Sur-
prisingly in this reduced height guide, such a simplified geometry works as well as the more
complex E-Plane Y junction shown in [12]. This combining junction, which can be thought
of as an E-Plane Tee power divider can also be used for power division or combining for
full-height to full-height waveguides. In Figure 5b, the input match for our E-Plane Tee
power combiner is compared against the full-height Kerr Y combiner, and a slightly mod-
ified version of the E-Plane Tee combiner for full-height waveguide. Especially for power
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Figure 4: Square to rectangular transformer and E-plane Bend Across Split-block plane.
(a) Isometric view of the transformer and E-plane bend; (b) Cutout view with dimensions.
All dimensions are in mm; (c) Input match for the transformer and E-plane bend. The two
curves show the change in the match from using rectangular and oval waveguides in the
top half of the split plane.

combination in reduced height geometries, it can be seen that the E-Plane Tee is simple,
compact, and has excellent performance. Even for full-height waveguides, the E-plane Tee
has acceptable match over a full waveguide band.

3.5 OMT Predicted Performance

Figure 6 shows the isometric inside and outside view of the OMT with all the individual
sections added together. A full simulation of the entire structure leads to the predicted
performance curves shown in Figure 6c and d.

The input match is seen to be < —20 dB across the 75 — 110 GHz band. Isolation
and cross-polarization terms are more than 75 dB down across the band (not shown in
the figure). We also simulated the effect of bending the septum or not having the septum
properly centered in the center of the junction. Even when the septum is moved a full
0.127 mm (half its thickness) from the split-block plane, simulations show that the input
match is only degraded by — 2 dB, while the isolation and cross-polarization terms are still
better than 50 dB down. To gauge the effect of conductor losses in the OMT, the perfect
conductors used in the simulation were replaced with a conductor of conductivity 2 x 107
S/m. This yielded a maximum insertion loss of 0.1 dB and 0.2 dB in the band, with
a typical loss of --, 0.06 dB and 0.15 dB for the main arm and side arm polarizations
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Figure 5: E-Plane Combiner Junction. (a) Dimensional details of split-block view of the
E-plane Tee combiner. (b) Input match of the combining junction. Shown for comparison
are two more Sll curves. The Kerr E-Plane Y combiner for full-height waveguide and our
full-height E-plane Tee combiner design with one additional section added to transform the
two input sides to full height waveguide.

respectively.

At the time of this writing, the septum has already been made, and a test WR-10 block
is being fabricated. Tests of the prototype OMT will be reported in a forthcoming ALMA
memo.

4 A Scalable and Machinable Design

The Wollack NRAO OMT design had very tight mechanical tolerances and difficult as-
sembly, and is not suitable for scaling much above  150 GHz. The new OMT design
presented here avoids these problems. One of the significant advantages of this design is
that the waveguide pins (0.127 mm for W-band) that was used in the Wollack design has
been replaced with simple capacitive steps. The new design also has a septum that is over
four times thicker than that used in the Wollack design, which considerably eases the task
of assembly and handling of the septum. The compact split-block design is well suited to
CNC machining. The design as presented for the W-band can be scaled to 500 GHz with
little difficulty in machining. Slight modifications in the design and re-optimizations should
yield machinable designs with acceptable performance even to 1 THz. In the OMT junc-
tion, some of the septum's geometrical parameters can be traded off against the waveguide
step capacitor, whose dimensions at 1 THz may pose some machining problems.

5 Conclusions

.. ■ !

A novel full-waveguide band orthomode transducer has been designed. The design for the
W-band has excellent matching, isolation and cross-polarization characteristics for the full
design band of 75 — 110 GHz (— 40% bandwidth). The design is simple to fabricate and
assemble and is scalable to frequencies of — 1 THz.
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Figure 6: The full Orthomode Transducer. (a) Isometric view from the outside. The waveg-
uide features of the OMT block measure 13.2 x 7.6 x 2.54 mm. (b) Inside view showing
the septum resting in the split block plane. (c) Simulated performance for the full structure
for the main arm polarization. (d) Same as (c) for the side arm polarization port.
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Phase and Amplitude Antenna Measurements on an SIS Mixer Fitted
with a Double Slot Antenna for ALMA Band 9 

M.Carter (TRAM), A.Baryshev, R.Hesper (NOVA); S.J.Wijnholds, W.Jellema (SRON),
T.Zifistra (Delft University)

Introduction

Phase and amplitude antenna measurements are required to give a complete and
comprehensive antenna beam pattern of receiver systems. Radio astronomical
receivers in the past years have been becoming more complex and/or increasing in
frequency. There are a number of multichannel receivers on telescopes now that are
either multi frequency, or multi beam, with or without polarization diversity. These
receivers, with the advent of projects like FIRST or ALMA, now go into the terahertz
frequency bands.

The reason for phase and amplitude measurements over simple amplitude
measurements is so that the entire antenna system can be properly measured in the
laboratory environment

TRAM with its 2 radio astronomical sights at Pico Veleta and The Plateau du Bure
have had for many years a phase and amplitude antenna test facility, which has
worked up to frequencies of 350 GHz. This system has been upgraded to make
measurements to the top of the ALMA frequency bands, of I THz for band 10

In this paper we show the schematic layout of the new system. Then we will
proceed to show its properties at frequencies up to 700 GHz.

This will be followed by the measurements on crossed slot antenna fitted with an SIS
junction in the ALMA band 9 frequency range 600-720 GHz.

Reasons for Phase and Amplitude Measurements.

There are a number of reasons to have a phase and amplitude antenna measurement
facility over a simple amplitude measurement system. These can be listed as follows:

1. To measure all of the quasi-optical parameters of an antenna structure or
system. These include the following:

• The waist size and its position in the X, Y and Z directions with
respect to a known reference.

• To measure the angle of the beam from a known plane of reference.

To measure the efficiencies of the optical system, i.e. The side lobe levels the
gains and the phase, and then be able to relate this to the theoretical models.

3. To find the efficiencies of coupling to further optical trains and telescopes
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4. To be able to pre-align quasi-optical systems with optical systems such as
laser alignment in order to be able to improve system efficiency.

The IRAM antenna facility
The antenna measurement facility was designed to work up to frequencies of
350 GHz, which are the maximum frequencies that the TRAM telescopes at Pico
Veleta and the Plateau de Bure can reach. There are 2 different systems of taking the
antenna beam patterns;

1. A far field antenna beam pattern system with an elevation over azimuth
rotation stages.

2. An X and Y raster scan quasi-near field measurement system

The former system is mainly used for horn and horn lens systems, and the latter is for
the more complex systems that would be difficult to rotate, due to size or complexity.
It is possible to do a raster scan of about 450mm x 450mrn. This latter was used for
the measurements to be described. Both of these systems have a positional accuracy
of about 0.5gm. The schematic diagram of the system is shown in figure 1 below.
The receiver system for frequencies up to 350GHz is a homodyne system as described
in reference 1. This system was not able to be increased in frequency for 2 main
reasons;

1. The power from the harmonic mixer driving it from frequencies up to 36GHz
was not enough to give enough dynamic range.

2. The system of multiplication of the reference level did not give a stable
reference above a multiplication factor of 4.

This system has been modified to improve its performance at frequency ranges up to
1 Terahertz. The system shown in figure 1 has two phase locked Gunn and 6X
multiplier sources. One as the local oscillator, Gunn2, which is directed onto the
antenna under test and the mixer located in the dewar by means of a horn lens
combination followed by a mylar beam splitter. The other is put on to the translation
table. The horn used for the transmitter is an open-ended piece of waveguide of cross
section 0.46 x 0.23 mm machined to a point. The signal is mixed with the LO to give
an intermediary frequency, IF, of 4, or 1.5 GHz, depending which mixer is used for
the experiments. This is amplified and filtered and bought into the mixing box A.

On each of the 2 oscillator chains before they are multiplied by 6, we have 2
directional couplers; 1 about-20dB used to phase lock the 2 Gunn oscillators from the
2 synthesizers 1 and 2. The other about —15dB, where there are 2 harmonic mixers.
The signals are down-converted, filtered and amplified and then mixed together to
have a reference signal which equals IF/6. This reference is multiplied by 6 and then,
amplified, filtered and put into the other input port of the mixer box A.

In this mixer box a 3 rd input from a 4 th synthesizer at 1.5 GHz enters. This is split
in 2. One part goes through a band pass filter to the reference port of the vector
voltmeter, an HP8508A. The rest of the signal is mixed with the multiplied reference
to a frequency of 2.5 GHz . This is filtered and amplified and mixed with the IF signal
to give an input signal on the vector voltmeter of 1.5GHz. The 2 inputs to the vector
voltmeter are phase coherent.
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This system has been modified from the lower frequency case in 2 major aspects:

1. The use of 2 Gunn oscillator / multiplier chains, one for the local oscillator
(LO) and the other as the transmitter. At the lower frequencies a harmonic
mixer could be used as a transmitting source. This has also meant the use of a
first down converter on the reference.

2. The reference has to undergo the same number of multiplications as the
transmitter. In this case a factor 6 was used. This has meant that the
reference signal's signal to noise ratio was too low to lock the vector
voltmeter. To get over this problem a further mixing scheme was required.

The equipment set up can be seen in the photographs in figures 2 and 3.
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Figure 2 shows the view behind the transmitter with the Gunn and multiplier fitted
onto the XY table. On the left can be seen the LO with the mylar beamsplitter in front
of the Infrared Instruments dewar. Behind and to the left can be seen the rack of
equipment holding the electronics, consisting of 2 of the synthesizers, The vector
voltmeter and the reference multipliers, filters and amplifiers

Figure 3 Shows a top view of the 2 Gunn multiplier chains. In the fore ground the
transmitter on the XY table, and on the left the LO with the lens and the mylar beam
splitter.
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Performance

The system at present has been taken up to a frequency of 700GHz. The dynamic
range as can be seen in fig 4 at a frequency of 630GHz is greater than 60dB.

-40 - 20 40

scan mm

Figure 4 S:vstem dynamic range

The phase measurement shows that there is no loss of phase throughout its amplitude
dynamic range. Figure 5 shows a plot of a diagonal horn at 634 GHz. The amplitude
signal is to a level of —40 dB, but the phase can be unfolded all the way out to this
level.

4 1.5 10 4

1 10 4

5000

-5000

Figure 5 A measurement of a Diagonal horn at 634 GHz, showing the amplitude and
phase plots, -with the unfolded phase
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One of the main problems encountered was the saturation of the SIS junction. Before
each set of measurements checks had to be made to put the system into a linear
measurement area. This was done by decreasing the transmitted signal in steps to see
the effect on the polar pattern and then coming back to a level about 5 dB below the
last point where there was not any change. This can be seen in figure 6.

Tests on saturation at 619 GHz

distance mm

Figure 6 Saturation Experiments 0 dB,-5,-8,-11 transmitted power

Results
This equipment has been used to measure a double slot antenna mounted onto
elliptical silicon lens, reference 2. The lens surface was matched with a stycast
matching layer to reduce the reflection from the lens surface.

Figure 7 On the left a sketch of the antenna, and on the right a photograph

The measurements were made as described earlier, with the local oscillator injected
through a mylar beam splitter. This meant that the transmitter had to be at the
relatively large distance of 160 mm from the dewar.
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Initial measurements in the 2 principle planes were made to align the antenna against
the X-Y table, and to center the beam.  This position was unfortunately lost during
these measurements when the transmitter chains had to be changed.

The measurements were made in the quasi near field of the elliptical lens. Cuts of
+/- 40 mm distance with a step size of 0.25 mm were made in the 2 principal planes.
These results are shown for 2 frequencies below at 604 GHz and 696 GHz.

604 GHz measurements giving Who = 3.8 and Wov = 3.86

Figure 9 Crosscut measurements of the E-vertical and horizontal at 696 and 604 GHz

A series of these measurements were made over the frequency range. From the
results of these measurements they were recalculated and put into the far field. These
results can be seen below in figure 10. The results of these measurement show that
there is a unique phase center for this antenna structure. The waist of this antenna
structure is 3.9 +/- 0.2mm over the frequency measured and in both polarizations.
The side lobe properties of this antenna have the first side lobes between —18 and
-20 dB across the frequency range. The amplitude as the phase is perfectly symmetric
and frequency independent. The 1-D Guassisity (overlapping integral with gaussian
beam in Cartesian coordinate system) of this antenna was calculated over the
frequency rang and found to be about 95-97%. However, the waist size Wv and
distance Zv for vertical direction are different from Wh and Zh in horizontal
direction. This leads to slight degradation in 2-D Gaussitity which is about 89%
across the measured frequency range.

A series of 2 dimensional scans were made at each frequency over an area of +/-
mm. To reduce the length of these measurements, the separation of the

measurement points was increased to 2.5 mm x 2.5 mm, which has meant there is a
reduction in the phase accuracy. An example of these measurements can be seen in
figure 11.
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Figure 10 Far field results of the double slot antenna on a matched ellipsoidal lens
above E- Vertical and below E-Horizontal
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Figure 11 A 2 dimensional measurement pattern of the twinned slot antenna at
604GHz above the amplitude scale in 3dB steps, and below phase with the scale in
30-degree steps
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Conclusion

In this paper we have shown a means of accurately measuring antenna and systems I
the sub millimeter wavelengths. The measurements shown were made at frequencies
between 600 and 700 GHz. These measurements had a dynamic range of greater than
60dB, with a phase coherence over the entire dynamic range. With the measurement
technique shown, this can easily be taken up into the Terahertz frequency ranges,
without a degradation of performance.

With this equipment we have successfully measured in phase and amplitude a double
slot antenna structure mounted on to a matched silicon ellipsoidal lens and fitted with
an SIS mixer. This antenna is a possible candidate for the ALMA band 9 receiver.
These measurements were made over a frequency range of 600 — 700GHz. The side
lobe level was found to be at —18 to —20 dB over the frequency range. The beam was
symmetrical and frequency independent. There was found to be a unique phase center
for both major planes and a waist of 3.9mm. The Guassisty of the antenna was of the
order of 89 % over the frequency range.
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Abstract: In this paper we compare the performance of several commercial software
packages (GRASP, ASAP, CODE V. GLAD) as well as the Gaussian beam mode
method, in analysing the behaviour of submillimetre systems. The study was
commissioned by the European Space Agency (ESA) and was carried out in two
phases. In Phase I we allowed these packages to simulate the behaviour of carefully
selected test cases in order to reveal their strengths and weaknesses. In Phase II we
first investigate the ability of the packages to predict the performance of a whole
submillimetre system. We also compare the simulated results with those predicted by
near field amplitude and phase measurements.

1. Introduction

At present there is considerable interest in modelling the electromagnetic properties of
submillimetre systems. For example, in the area of astronomical instruments, there are
ongoing intensive activities to analyse the behaviour of optical systems corresponding
to the projects "HARP", "ALMA" and the ESA missions "HERSCHEL" and
"PLANK". The reasons for this increased effort may be summarised as follows:

• The continuous improvement in receiver technology and fabrication of
optical components. This clearly invites comparable progress in the
modelling and design tools.

• The availability of commercial software packages which can provide
accurate, yet fast, modelling of optical systems at submillimetre wavelengths.

• The increased numerical processing speed of computers, which allows
rigorous mathematical procedures to be incorporated into commercial
software packages.

Based on this, ESA has launched a programme to investigate the ability of existing
verification and design tools to predict the behaviour of quasi-optical systems in the
submillimetre and far-infrared regions. The programme was planned in two phases. In
Phase I we investigated the ability of several well known commercial software
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packages to analyse the field scattered by optical components when illuminated by
near or far field sources. The software packages that were chosen for this purpose
were GLAD, GRASP, CODE V and ASAP. Occasionally, the package ZEMAX was
also tested as well as a non-commercial Gaussian mode analysis software which was
written by two of the authors. The single-component test cases were carefully selected
in order to emphasise the strengths and the weaknesses of each package in providing
reliable information which electromagnetically characterises a quasi-optical system.
In particular, we wanted to assess the ability of the packages to simulate the following
features:

• the near and far field radiation patterns,
• the vector nature of the electromagnetic fields (eg co-polar and cross-polar

components),
• rigour versus speed of computation.

Our selected test cases also reflected the fact that we were interested in relating the
simulations to the underlying electromagnetic computational method implemented by
the packages. This, in many cases, helped us to understand the difficulties that some
packages had in simulating common and simple cases. A complete description of the
Phase I results have already been reported [1], [2].

The purpose of Phase II of the project is two-fold. After understanding the basic
operation of the software packages we want to examine their ability to analyse the
behaviour of a real submillimetre system. For this purpose we have chosen one of the
HIFI channels of the ESA space telescope HERSCHEL. The analysis was carried out
in the frequency range 480-640 GHz and focused on the ability of the packages to
predict the near field patterns at the image plane of the system. The second major task
in Phase II is the construction of a simplified version of the HIFI channel and a near
field test system which is capable of measuring both the amplitude and phase of the
radiated fields. The specifications of the test system were chosen in order to both
compare the performance the packages and to assess the integrity of the best of them
against experimental results.

2. Description of the Software Packages

We shall now provide a brief description of the basic operation of the packages
mentioned above. Before that however, we would like to emphasise two issues. The
first is that this presentation should not be considered as a full description of the
package features or capabilities. The second is that since this work was carried out,
some packages have either modified main features and/or added new ones. Clearly we
are unable to comment on these modifications.

2.1 ASAP (Advanced Systems Analysis Programme): This package employs beam
decomposition to form the aperture field distribution. The software samples the
aperture either in the spatial domain or in the angular domain. The field distribution is
then propagated using Gaussian ray Gaussian tracing. Our simulation results show
that the software seems to experience difficulties whenever the scattering aperture is a
few wavelengths across. This is to be expected, however, since rigorous analysis
requires the full Gabor decomposition method where the Gaussian beams are both
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displaced and rotated with respect to each other. To illustrate this point we show in
Fig. 1 the computed far field pattern at 480 GHz for an ideal corrugated horn of
aperture radius 2.5 mm and length 15.4 mm. The distance between the horn aperture
and the plane of observation was 200 mm.

Figure 1. 480-GHz predicted far-field of an ideal corrugated horn of length 15.4mm and aperture
radius 2.5mm. The calculations were made by ASAP, GRASP and GLAD and are compared with
those of a Gaussain field.

From Fig. 1 it can easily be seen that the pattern calculated by ASAP is substantially
narrower than those predicted by the other packages. In fact the results computed by
ASAP did not improve even when the pattern was taken at the focal plane of a
focusing element.

2.2 CODE V : This package employs both ray tracing and diffraction calculations. It
performs Fraunhofer diffraction to calculate the far field and claims to use the angular
spectrum method to calculate near fields. Our experience however showed that CODE
V tends to have difficulties in producing accurate results in two distinct cases:

• near field diffraction from offset reflectors,
• far field diffraction when the pattern was viewed in a plane away from focus.

We shall return to this point when we discuss the analysis of the
HERSCHEL HIFI channel.

2.3 GLAD (General Laser Analysis and Design): The principle of operation of this
package is based on a plane wave decomposition of the aperture fields [3]. The
incident fields are expanded in terms of plane waves and the radiated field is found by
integrating over all the spectral components. A two dimensional version of the method
is illustrated in Fig.2

Figure 2 Plane wave decomposition in two dimensions
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Here we show an electromagnetic wave illuminating a slit with the electric field in the
plane of incidence. The field is therefore expanded for z>0 as

g/2
E(y,z)- j. E(9)[-cost9 ST +sint9 i]e-ik(ysin94-zcosi9)d

-Jr/2

It can then be easily shown that the radiated near field in polar coordinates is given
by:

1 r
E(r , 0) = ---2 iF (k sint9)[cos(9-0)+sin(9 ie-ikr cos(9-0)}do

ocC

F (k y) 9fEY(Y,O)e dy k =ksin
-CO

Similar expressions can be derived for the magnetic field. The contour of integration
is shown in Fig. 3 where evanescent waves are also taken into account by integrating
over the imaginary axes.

-ioo

It is interesting to note that the radiated field has both a longitudinal and transverse
component, confirming the near field nature of this treatment. It can be shown that the
radial component vanishes as the plane of observation is moved away from the
aperture. Plane waves expansion is well known and has been treated by many authors
[4]. However since the software package GLAD performed much better in our
simulations than was initially anticipated, we list below some important features of
this package.

1- The package is essentially scalar. Cross -polar components cannot be obtained.
2- Offset geometries are treated using the projected aperture method.
3- The co-polar calculations of this package were impressive. This also applies to

scattering from offset apertures. Only in extreme near field cases did the
accuracy of the results (when compared with our benchmark GRASP) start to
deteriorate.

4- The package is able to handle a wide range of optical components and sources.

2.4 GRASP(General Reflector and Antenna Software Package):The operation of
GRASP is based on the well known "Physical Optics" method [4]. Physical Optics
(P0) scattering calculations are performed in two main steps:
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Calculate the equivalent currents induced on the scattering surface using the
physical optics approximation.
Calculate the fields radiated by those currents using the "Equivalence
Principle.

To explain the principle of the PO approximation, consider first a plane wave
illuminating a conducting surface. To calculate the currents at any point on the
surface we attach a plane conductor tangent to the surface at that point. The induced
equivalent electric and magnetic equivalent currents are given respectively by:

K=i1x11.

1(*=Exii

where E and H are the electric and magnetic fields respectively, and n is a unit vector
normal to the surface at the point of interest. The principle of the PO approximation is
illustrated in Fig. 4.

Figure 4 The Physical Optics approximation

Assume now that our scatterer is a perfect conductor illuminated by a point source.
The induced currents in the PO approximation are found as follows. We made use of
the fact that the tangential component of the electric field at the surface of a perfect
conductor vanishes. Once the currents are known the corresponding vector potential
can be calculated and subsequently the scattered fields, using the equivalence
principle.

PO {= nxH= 2n x H i on Si

0 on the Shadow surface

*POK = 0 Everywhere

The resultant electric field at a point a distance R from the origin is therefore given by

VV • A 
E = E l -froA+

icosp
eikR

A = K -dS
4;z- s

In the above equation E i is the incident field, A is the vector potential and the
integration is carried out over the illuminated surface of the scatterer. An equivalent
expression could be written for the scattered magnetic field. At this stage two
important aspects of this theory can be noticed:
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The PO approximation neglects the non-uniform currents near the edge of the
scatterer. Our simulations however revealed that for practical aperture sizes,
the effect of the non-uniform currents is only significant at very low levels
(say below —40 db).

• Radiating the PO currents using GRASP is done rigorously according to
Maxwell equations. No paraxial or scalar approximations are made. Both the
electric and magnetic fields vectors are calculated.

• The information supplied by the output files of GRASP includes a full vector
description of the scattered fields. All commonly required information (eg. co-
polar and cross-polar components, spill-over, beam efficiency etc.) may be
calculated using the information in the output files.

• GRASP takes care of the non-uniform edge-currents distribution using the
"Physical Theory of Diffraction" (PTD) [5].

Our work in Phase I revealed that the PO method supplemented by the PTD
correction yields solutions which are very close to the exact solutions of Maxwell
equations. We arrived at this conclusion by comparing radiated fields simulated by
GRASP using PO+PTD with those calculated by solving Maxwell equations using the
method of moments. GRASP therefore was considered to be our benchmark for
assessing results in Phase I. In Phase II of this project, we shall have the opportunity
to compare the results simulated by GRASP with experimental results.

3. A Brief Discussion of Phase I Results

In what follows we shall present a summary of some important results from our work
on Phase I. Some of these results are strongly related to the specific operation of the
software packages but in many cases the results also reflect the nature of propagation
and diffraction at submillimetre wavelengths. The following conclusions are related to
scattering from single optical components illuminated by standard sources (point
sources, plane wave, horns etc.).

1- Far field diffraction by an on-axis component: This is the simplest test case.
All software packages, including ZEMAX, predicted the copular component
reasonably well.

2- Near field diffraction from an offset reflector: here we can distinguish between
two cases. In the practical case where the diameter of the aperture was more
then 10k and the plane of observation was more than 30X, away, GRASP and
GLAD gave consistently good and similar main beam patterns. On the other
hand only GRASP was able to handle diffraction reasonably when the distance
between the aperture and observation plane was further reduced. The quality
of ASAP and CODE V depended on the particular test case hence could not
be considered reliable.

3- Most of the difficulties that software package encounter in producing accurate
diffraction calculations result from their paraxial nature rather than neglecting
edge effects in calculating an aperture distribution. The success of the physical
optics method should not therefore be attributed to the way PO currents are
calculated but rather to the rigorous way those currents are radiated.
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4- Only GRASP output files gave the full vector behaviour of the scattered field.
It was also the only package that produced reasonable low sidelobe levels
below (say below —40 dB). Consequently, it was considered as a benchmark
for Phase IL

We shall finish this section by two illustrative examples. The first concerning near
field diffraction form a circular aperture illuminated by a plane wave.

off-axis distance (rnrn)

Figure 5 Beam amplitude in the near (z out = a2/4X) field of an aperture of radius a= 3k and a= 30A,
calculated using GLAD and GRASP. GLAD is taken to be representative of the paraxial packages. A,

lmm in both cases.

Noticed that despite the extreme change in geometry between the two patterns above,
all the paraxial packages did was simply to scale the pattern.The pattern predicted by
GRASP however changed substantially. We in fact verified that this faliure of the
paraxial packages to predict the correct pattern has mainly resulted from incorrect
prediction of the accurate longitudinal location of the Poisson spot.

The second example from Phase I is diffraction from an offset ellipsoid as shown in
Fig. 6.

Figure 6 Intensity pattern at the output beam waist (z in = zout =f=12.57mm) for an ellipsoidal mirror of
projected aperture a = 1.5xW. (a) shows a cut in the plane of asymmetry, (b) in the plane of symmetry.

= lmm and Win = 2mm in both cases. The beams were calculated using ASAP, GLAD, GBM &
GRASP.
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Notice the faluire of GLAD, ASAP, and GBM (Gaussian Beam Modes) to match the
patterns predicted by GRASP, in particular in the plane of assymmetry. Substantial
differences exist not only in the sidelobe level but also in the main beam. Notice that
the faliure of GLAD to perform well in this test case must be the result of the strong
aberrations intrinsic to this system.

4. Analysis of HERSCHEL HIFI Channel

A description of a simplified version of channel I of HIFI of the ESA space telescope
HERSHEL (480-640 GHz) is shown in Fig. 7.

output plane

The system comprises a conical corrugated horn illuminating an off-axis ellipsoidal
mirror. The beam is then focused onto a second ellipsoidal mirror before it is
collimated by a 90 degrees offset parabolic reflector. Our plane of observation was
located at the image of the telescope secondary mirror, 66.25 mm from the parabolic
mirror MAM1. To emphasise the simulation differences between the packages, we
carried out both focused simulations (Omm) and de-focused simulations by moving
the horn aperture 5mm towards the mirror MAM3 (+5mm), 5 mm away from MAM3
(-5mm) and 10 mm away frornMAM3 (-10). The projected aperture diameters of the
mirrors MAM1, MAM2, MAM3 were respectively, 25 mm, 16 mm and 28 mm. In
the following simulations the corrugated horn was assumed to support an ideal HEi
mode which can be written as

E(r)=E0J0 

2.405 r12-7-R)
r e

a

where R is the phase radius of curvature, a its radius and r is the radial coordinate of
at the aperture. We have already shown a plot of the far field of this horn in Fig. 1.
First we plotted both the symmetrical and asymmetrical cuts, at the output plane,
when the horn was at the nominal focus. These are shown in Fig. 8
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Figure 8 beam pattern predictions cuts in the plane of symmetry (left) and in the plane of asymmetry
(right). The horn is at nominal focus.

Examining these results we notice that in the plane of symmetry, the agreement
between GLAD and GRASP is good. ASAP does not do badly but the CODE V
pattern is much wider than predicted by GRASP. The sidelobe level of GLAD seems
too low, presumably as a result of under-estimating edge diffraction. A similar picture
can be seen in the plane of assymetry. Based on this we should already be able to see
big differences in the measured results between CODE V and other packages. To
enhance the predicted differences between GRASP and GLAD we carried out
defocused simultions as shown in Fig. 9.

Figure 9 beam pattern predictions cuts in the plane of asymmetry . The horn is defocussed by 5mm
away from the mirror MAN/13 (right) or towards the mirror (left).

It can be seen that the radiation pattern differences between the various packages have
become substantial. To distinguish between ASAP, CODE V and GRASP
experimentally we only require a dynamic range of —25 db. For GLAD we will need
an amplitude dynamic range of about —30 db. For assessing GRASP against
experimental measurement we are likely to require a dynamic range better than —40
db.

Finally, we also compared the phase simulations as shown in Fig. 10. The left hand
plot represents measurements when the horn was at the focus and the right hand plot
when the horn was moved 5 mm towards the mirrors. The phase differences between
the various packages are substantial and our experimental system will easily be able to
detect those differences.
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Figure 10 Main beam phase simulations (symmetric cut) when the horn is defocussed by 5mm towards
the mirror MAM3 (right) and at nominal focus (left).

5.The Near Field Detection System

We have already stated that a major theme of our work on phase II is the construction
of a near field detection system which will allow us to measure the amplitude and
phase of our patterns. Both the detection system and the test channel will be
constructed at SRON and work is already at an advanced stage. A schematic diagram
of the detection system is shown in Fig 11

Fig. 11 The near field detection system

The detailed design of the 480 GHz near-field detection system (Fig. 11) was
presented in the WP2-110 report.

Signal-to-noise calculations for the system gave a dynamic range of 33-55dB. 33dB
was calculated for the worst case but the actual performance was expected to be better
than this. The measured dynamic range (including also the coupling loss between the
two horns, 7 & 8 in Fig. 11 was 40dB but the limitation was found to be a spurious
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signal rather than the noise. We have already performed tests on the detection system
by measuring the radiation pattern of the corrugated horn. Our preliminary results
show indeed that we shall be able to obtain a dynamic range of-40 db. Together with
phase measurements, the system will allow us to draw important conclusions
regarding the quality of available commercial software for the analysis of
submillimetre systems.
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Abstract — A compact antenna test range (CATR) based on a 3 in hologram
has been designed in order to measure the ESA ADMIRALS test antenna at 322
G-Hz. Also, a 650 GHz demonstration CATR, based on a 0.97 in hologram has
been designed. Both CATRs will be realized and tested later in 2002. In tins
paper, the design of the CATRs is discussed and simulation results are present-
ed.

1. INTRODUCTION

Several ongoing projects (e.g., Planck and Herschel) aim to construct scientific
or remote sensing satellites to probe the Universe at sub-mm wavelengths.
These satellites will carry on board electrically very large reflector antennas,
which should be tested before launch. The measurement of the antenna
radiation pattern is perhaps the most essential test. Current measurement
methods have significant weaknesses at sub-mm wavelengths, and hence a lot of
work has and will be done in developing the current methods and inventing new
ones.

The most suitable method to measure a full-radiation pattern at sub-mm wave-
lengths appears to be the compact antenna test range (CATR) [1]. This is
because of its simple use in measurements. The radiation pattern of an antemia-
under-test (AUT) can be measured directly as in the far-field method, which is
widely used at lower frequencies. At sub-nun wavelengths, the far-field method
is ruled out due to the very long measurement distance needed. For large
reflector antennas. the distance may be even dozens of kilometers, which raises
the atmospheric attenuation to a non-permitted level. One antenna testing
method that can be used in the sub-mm wave range is a near-field scanning [2].
However, large amounts of near-field data have to be acquired that extends the
measurement time very long (even to several days), and thus a high stability of
measurement system is required.
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In a CATR a spherical wave radiated by a feed antenna, e.g., a horn is trans-
formed to a plane wave with the use of a focusing element. The plane wave is
used to measure the radiation pattern of the AUT. Since the dimensions of the
range are relatively small, the CATR, can be situated indoors and problems
caused by the atmosphere are avoided. The AUT is placed into the quiet-zone
(QZ), which is a region of the plane wave where the field quality satisfies
certain criteria. Typical criteria for the plane wave in the QZ are that the
amplitude and phase ripples do not exceed 1 dB and 10 e , peak-to-peak,
respectively.

In a conventional CATR, the focusing element is a reflector or a set of 2-3
reflectors. In the sub-mm wave range, a strict surface accuracy requirement
(,A/100) makes the manufacturing of large reflectors very difficult and highly
expensive. The focusing element could be also a lens, which has a lower surface
accuracy requirement compared to a reflector (by a factor of (VT -1 ) 1 -,r1
lower). However, finding an appropriate low-permittivity, high-homogeneity
material is difficult.

2. HOLOGRAM BASED CATR

We use a hologram as the focusing element [3]. As the hologram is a
transmission-type element its surface accuracy requirement (,A/10) is much
lower than that of a reflector. Layout of a hologram based CATR is shown in
Figure 1. When the hologram is illmninated with a horn antenna it diffracts
several beams into different directions. One of the beams is the desired plane
wave used in antenna testing. The hologram is designed so that the plane wave
propagates in an angle of 33° with respect to the normal of the hologram. This
prevents the other diffraction modes produced by the hologram to disturb the
QZ —field. Unwanted beams and the direct radiation of the horn antenna are
eliminated by absorbers. Distance between the hologram and the horn is
typically 2-5D (diameter of the hologram is D) and the QZ —field is optimized
at a distance of 2-5D.

The hologram used in a CATR is the interference pattern of a spherical wave
and a plane wave coming from a certain direction (i.e., 33'). A binary amplitude
hologram is a slot pattern, which has been etched onto a metal layer on top of a
thin dielectric film. Holograms described more in detail later in this paper will
he fabricated using the laser exposure of pattern and chemical wet-etching. High
flatness is ensured by tensioning the hologram to a stiff frame. An example of a
binary amplitude hologram is shown in Figure 2 where nearly vertical, radio-
transparent slots are in white and metal stripes between them in black. The
widths of the slots are less than 0.5A. The slots have been tapered (narrowed)
towards the edges of the hologram to prevent harmful edge diffraction.
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Figure 1. Layout of a hologram based a4 TR.

Figure 2. Binary am,plitude hologram pattern.

The binary hologram pattern is generated with computer. Due to several non-
idealities (e.g., a dielectric film, an edge diffraction and a non-ideal
transmittance of slots), the initial hologram pattern does not directly produce a
QZ adequate for antemia measurements. Therefore, the detailed electromagnetic
behavior of the hologram structure has to be analyzed and the performance of
the hologram optimized. Fields within the hologram structure and in the
aperture are computed using the Finite-Difference Time-Domain (FDTD)
method. The QZ -field is calculated from the aperture field using physical
optics. If the QZ -field does not fulfill the requirements. the hologram pattern is
modified appropriately and a new simulation is done. This iterative procedure is
repeated until a satisfactory result is achieved. If the width of a slot is at max.
0.4A. the transmitted power of a vertically polarized wave is a monotonically
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increasing function of the width. Then, the amplitude of the QZ -field can be
easily modified narrowing/widening the slots. The phase can be tuned moving
the slots slightly. A local modification of the pattern affects (almost only)
locally the QZ -field that makes the optimization of the QZ -field quite
straightforward. The transmission coefficient of a slot is polarization dependent.
For a horizontally polarized wave, the transmitted power is not a monotone
function of the slot width, and hence it's very difficult to design holograms for
the horizontal polarization. Therefore, holograms are ahvays designed for a
vertically polarized incident electric field.

Since the hologram is electrically very large, simulation of a whole hologram
would be a too massive operation even for supercomputers. Comparisons
between simulation and measurement results have shown that with a good
accuracy the hologram pattern can be assumed to be infinite in the vertical
direction when the QZ -field is examined locally along a horizontal cut. This is
due to the gentle curvature of slots in the vertical direction. The assumption
enables the use of a two-dimensional FDTD simulation, which reduces the
computational burden to a fraction of the original one. Figure 3 illustrates the
simplification of the analyzed structure. A hologram grid is generated at a
certain y coordinate and the structure is assumed to be infinite in the y
direction. Then, a two-dimensional FDTD simulation is done and the QZ -field
is calculated at the same y coordinate. In a two-dimensional FDTD simulation,
two cases can be studied separately: the incident electric field is either
horizontally or vertically polarized. However, only an analysis for the vertically
polarized electric field is usually done. [4]

y ±

Figure 3. Simplification of a hologram used in FD TD simulations.

The simulation of cross-polarization is not possible when the simplification is
done and the curvature of slots is omitted. The numerical simulation of cross-
polarization has been examined in [5]. Results from FDTD simulations and

540



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

measurements agreed very well. The typical cross-polarization level of a
hologram is about -20 dB near the edges of QZ. At the horizontal centerline,
the cross-polarization is very small.

3. DESIGN OF HOLOGRAM BASED CATRs FOR 322 GHz AND 650 GHz

In our ongoing ESA project, two sub-mm wave CATRs based on binary
amplitude holograms will be constructed. Both CATRs have been already
designed and they will be realized and tested later in 2002. One of the CATRs
is going to be used to measure the ESA ADMIRALS test antenna at 322 GHz.
The diameter of the test antenna is 1.5 m. It has been estimated that to
measure the antenna properly the diameter of the QZ has to be at least 1.8 m.
The FDTD simulations show that a 3 m wide hologram produces a QZ larger
than 1.8 in and is thus appropriate. Since there is no 3 111 wide dielectric film
available the hologram has to be composed of three 1 x3 m 2 horizontal pieces.
The pieces will be etched separately and then joined together by soldering.
Numerous experimental studies carried out show that the soldering is the best
choice to join pieces together. Also, taping and glueing were tested hut the
performance of the hologram was much worse with them. Furthermore, it has
been noticed that a horizontal joint causes much less distortion than a vertical
one. Carefiil aligmnent of the pieces is important to avoid an additional
distortion. This hologram will be etched onto a 50 [Jim Mylar film covered with
17 pm thick copper layer. The distance from the horn to the hologram is 9 m
and the QZ is optimized at a distance of 9 in from the hologram. The simulated
QZ -field of the 322 GHz hologram at y = 0 at a distance of 9 m from the
hologram is shown in Figure 4. Transversal displacement in the QZ is denoted
by x. The width of the QZ is more than 1.95 in. The amplitude and phase
ripples are less than 0.5 dB and 5', peak-to-peak, respectively.

The other CATR is smaller and it will be used to demonstrate the feasibility of
the hologram CATR at higher frequencies. The diameter of the hologram is 0.97
II' and the operating frequency is 650 GHz. The diameter is limited by the
maximum width of the suitable film. The hologram will be etched in a single
piece onto a 25 pm Mylar film covered with 5 pim thick copper layer. The
thickness of the fihn has to he reduced to 25 inn to avoid internal reflections
inside the film. The distance from the horn to the hologram is 3 m and the QZ
is optimized at a distance of 3 m from the hologram. The simulated QZ -field of
the 650 GHz hologram at y = 0 at a distance of 3 m from the hologram is
shown in Figure 5. The width of the QZ is more than 0.6 m. The amplitude and
phase ripples are less than 0.5 dB and 5'. peak-to-peak, respectively.
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Figure 4. Simulated QZ -field of the 322 GHz hologram
at y = 0 at a distance of 9 in from the hologram
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Figure 5. Simulated QZ -field of the 650 GHz hologram
at y = 0 at a distance of 3 m ,from the hologram.

4. CONCLUSIONS

Two sub-min wave CATRs based on binary amplitude holograms have been
designed and simulated. They will be realized and tested later in 2002. The
large CATR is based on a 3 in hologram and it will be used to measure the 1.5
in ESA ADHERALS test antenna, at 322 GHz. The other CATR is based on a
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0.97 m hologram and operates at 650 GHz in order to demonstrate the
feasibility of the hologram CATR at wavelengths wider 0.5 mm.
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ABSTRACT

We have set up a holographic measurement system for the in-field characterisation of the high frequency per-
formance of the SMA antennas and optics. The SMA is a reconfigurable sub-millimeter array of 8 antennas
operating down to a wavelength of  330 pm (— 900 GHz), on Mauna Kea, Hawaii. For the holography
system, the test signal is provided by a low power phase locked 682.5 GHz (440 trim) CW source mounted
on the nearby Subaru Telescope building, in the near-field for the 6-m diameter SMA antennas. The source
also emits multiple tones and has limited tunability. The complex beam pattern of the antenna under test
is measured by raster scanning, with a second antenna of the Array providing the phase reference. Due to
the small power output required, the signal source could be made compact and simple for reliable field use.
In this presentation, we describe the design and charaterisation of the signal source and present preliminary
measurements with the system. We used a novel power measurement scheme that allows measurement of
low powers in the presence of multiple comb components, to characterise the signal source.

INTRODUCTION

The Sub-Millimeter Array which recently became partially operational on Mauna Kea, Hawaii, is a re-
configurable array of 8 antennas, each of 6-m diameter (Figure 1) [1]. It will carry out synthesis imaging

Figure 1: A view of the SMA on Mauna Kea. The Array will have 8 antennas when completed.

of celestial objects over the wavelength range ,-- 1700-330pm 180 - 900 GHz). For efficient short wave-
length operation, it is necessary that the surfaces of the antennas be measured and set to high accuracy. The

545



SW. 10 1,11,

0
HAL 9000

central computer
(Lynx0S)

PHASEAM

antenna computer
{Lynx0S1

ADC

1.1 GHz

21:41,111,

vir

C4

VECTOR VOI.T METER

DIRECT ANALOG MODE

1 kilz

Figure 2: (a) The geometry for SMA near-field holography (b) The SMA holography system block diagram

Console

og.

operator

Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

SMA specifications require an rms surface smoothness of 12 pm. Near-field holographic measurement at
232.4 GHz (1291 pm) is the primary method of achieving this goal. Near-field holography at high signal-to-
noise allows accurate measurement and correction of panel-panel errors and panel flexures at a high spatial
resolution of 10 cm. So far, we have set the surfaces of 5 of the antennas to within 20 inn rms of an ideal
paraboloid, and one of them has been adjusted to an accuracy of 13 pm rms [2]. Thee of the SMA antennas
have now been equipped for operation in the 690 GHz band and in order to characterise the high frequency
preformance of the antennas and optics, we have set up a holographic measurement system operating at 682.5
GHz. This system will help check the overall alignment of the optics at high frequencies directly and mea-
sure the illumination patterns realised. It will render insignificant the effects of diffraction due to the small
subreflector (35-cm diameter) thus providing a better measurement of the surface smoothness. In addition,
the system will also allow other useful tests of the Array (e-g., Array-wide phase stability measurements).

THE SYSTEM

The holographic system is essentially same as the one used at 232.4 GHz [2], but for a higher frequency sig-
nal source. The signal-source is mounted on the cat-walk of the Subaru Telescope at a distance of 200-250-m
from the antennas and at an elevation of — 19°. For the 6-m diameter antennas, this is in the near-field for
all our operating bands. During the measurements, the subreflector is positioned to focus on the near-field
source. The system uses the standard SMA optics, recievers and IF electronics. Currently a vector volt-meter
is used as the back-end to measure the complex beam pattern of the antenna under test. The geometry of
the measurements is shown in Figure 2(a) and a block diagram of the system is shown in Figure 2(b). The
measurements are made on-the-fly, typically mapping a 96 x 96 raster with an elevation spacing of 11". The
data are re-sampled off-line on to a regular grid and Fourier inverted to obtain the complex aperture domain
field distribution.

SIGNAL SOURCE DESIGN & CHARACTERISATION

We first calculate the required power output of the signal source. With Tsys SSB, 1200K at 680 GHz,
the noise floor is kT B = 2 x 10 -1- 4 W —107 dBm, assuming conservatively B =I MHz, for the Array
conelator back-end. The measured noise-equivalent bandwidth of the vector volt-meter which we currently
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Figure 3: The block diagram for the 682.5 GHz singal source

use is I kHz. We require that the signal be detected at a signal-to-noise ratio of 40 dB. Based on our experience
at 232.4 GHz, this will be adequate. Therefore, the required CW signal strength is — 107 + 40 = —67 dBm.
The beam coupling efficiency of a 6-m diameter antenna to a source at 220-m is —43 dB, when the antenna is
focused on the source. We use a 2.5-mm square pyramidal horn with a gain of 27 dB. Therefore, the required
output power of the transmitter is —67 — 43 + 27 = —83 dBrn — 10 pW. We conclude that 1 nW output
power will be adequate with a big margin.

Dewar
X-Y Translation Stage

682.5 GHz POWER MEASUREMENT/ SCANNING SET-UP

:

Figure 4: The system used for measuring the power output of the 682.5 GHz singal source
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Figure 5: Test signal sources emitting phase-locked tones at 232.4 & 682.5 GHz, mounted on the cat-walk of the Subaru
Telescope

Given the small power required, we use a scheme of multiplying up a phase-locked oscillator at 16.25 GHz,
similar to the approach used for the 232.4 GHz signal source which has worked reliably for many years now
Such a source being simple, can be made compact and reliable and thus suitable for field use. In contrast,
a Gunn oscillator based system, while providing more power, will be more cumbersome, requiring a PLL
for the Gunn, and a somewhat stringent temperature control. As shown in Figure 3, a Miteq oscillator is
multiplied up 6 times using a Spacek Labs active multiplier to produce 6 dBm at 97.5 GHz. This is used
to pump a Millitech triplet The tripler generates enough 7 th harmonic power output at 682.5 GHz which
we use as our signal. In this scheme, a comb spaced 97.5 GHz is generated providing test tones at multiple
SMA bands. A WR1.5 cut-off section at the horn input suppresses tones below 375 GHz. The 16.25 GHz
synthesiser is tunable over the range 16.0-16.4 GHz, in steps of 50 MHz, allowing limited tunability of the
final output. While this is not needed for the holographic measurements, it allows some flexibility in other
tests of the Array. The square pyramidal horn used produces an elliptical beam with a horizontal major axis
to optimally illuminate the central ring region of the Array, as seen projected from the signal-source. The
source is locked to a 5 MHz internal crystal oscillator and has provision for an external reference input.

In order to measure the power output of the signal source, we use the system shown in Figure 4. It is based on
the near-field scanning system of the CfA Reciever Laboratory used to characterise SMA recievers [3,4]. The
test signal source, with an open waveguide probe replacing the pyramidal horn, is mounted on a translation
platform which performs a 2-D raster scan in a plane perpendicular to the optical axis of a HEB reciever
[5]. The LO for the HEB reciever and the test signal source are locked to the same reference which is also
used to generate a reference signal for the vector volt-meter. The signal transmitted by the test source and
recieved by the HEB receiver is down converted to feed the second channel of the vector volt-meter. Thus a
map of the complex coupling between the probe and the reciever is measured. By integrating over this map,
the coupling between the test-signal source and the reciever is estimated to be —30.6 dB, including the cosine
profile across the probe aperture. The signal-to-noise ratio at the peak scanning position is measured to be 36
dB. Now, a calibration of the recieved power is carried out using the standard hot-cold Y-factor measuremnt.
The derived TRX,DSB of 3000 K implies a noise floor power level of 2kTB —130.8 dBm with 1 kHz
for B, the measured noise equivalent bandwidth of the vector volt-meter. With a peak signal-to-noise ratio
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Figure 6: Beam domain amplitude and phase at 682.5 GHz obtained by raster scanning a 96x96 point grid, spaced 11"
and centered on the signal source.

of 36 dB, the CW power coupled is —130.8 36 = —94.8 dBm. Allowing for the probe-reciever coupling,
the power radiated by CW test signal source is then —94.8 -I- 30.6 = —64.2 dBm = 0.38 nW. Based on
our earlier calculations, this is sufficient. The method of power measurements we have used here has two
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Figure 7: Measured radial illumination pattern for antenna 5. The aperture doamin amplitudes were averaged in azimuth
to produce this plot.

advantages: (1) it can measure very low power levels, comparable to the thermal noise limit of the available
recievers (2) it can measure the power in a single comb component as opposed to broad-band measurements.
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PRELIMINARY RESULTS

We have built and installed a signal source of the above design on the cat-walk of the Subaru Telescope
building, as shown in Figure 5. We have carried out preliminary antenna test measurements and the system is
being curently debugged. Figure 6 shows complex beam domain maps made with this system. In the data we
have so far, we are limited by phase fluctuations due to the atmosphere. Therefore, we are unable to derive
surface error distributions or reliable illumination pattern after Fourier inversion. However, there is enough
signal-to-noise ratio to measure the edge illumination as shown in Figure 7. Here, the amplitude in the aper-
ture domain is plotted against the radial distance, after azimuthal averaging. This measurement suggests an
edge taper of 12 dB to be compared with the design specification of 10 dB. These results show that we
have a working system and after further debugging and tests under better weather conditions, we will be able
to use the system to characterise the SMA high frequency antenna/reciever systems.

Acknowledgements
It is a pleasure to thank Donald Graveline, Richard Scovel & William Snow of the IF/LO Laboratory for help
with the assembly of the system, Forrest Owens, Rob Christensen, Ferdinand Patt & Brian Keith of the Hilo
Facility for help with installation and initial check-out and Ken Young for figure 2(a). We are grateful to
the Subaru Telescope for hosting our instruments on their cat-walk and to Masao Nakagiri for arranging for
smooth installation.

References

[1] Moran, J.M., "Submillimeter array", in Advanced Technology MMW Radio, and Terahertz Telescopes,
Ed. T. G. Phillips, Proc. SPIE Vol. 3357, p. 208-219, 1998.

[2] Sridharan, 'LK., Saito, M., Patel, N., "Holographic Surface Quality Measurements of the Sub-Millimeter
Array Antennas", URSI General Assembly, Maastricht, Aug 2002.

[3] Tong C.E., Paine S., and Blundell R., "Near-field characterization of 2-D beam patterns of submillime-
ter superconducting receivers", in Proc. 5th Int. Symp. Space THz Tech., Ann Arbor, MI pp. 660-673,
May. 94.

[4] Chen M.T., Tong C.E., Blundell R., Papa D.C., and Paine S., "Receiver beam characterization for
the SMA7, in Proc. SPIE Conference on Advanced Tech. MMW, Radio, and THz Telescopes, Kona,
Hawaii, pp.106-113, Mar. 98.

[5] Tong C.E., Stem J., Megerian K., LeDuc H.G., Sridharan T.K., Gibson H., Blundell R., "Performance
of Niobium Titanium Nitride Hot Electron Bolometer Mixer Fabricated on Quartz with Aluminum
Nitride Buffer Layer", in Proc. 8th Intl. Superconductive Electronics Conf., Osaka, Japan, pp. 77-78,
June 2001.

550



Thirteenth international Symposium on Space Terahertz Technology, Harvard University, March 2002.

Use of Subharrnonically Pumped SIS Mixer with High Harmonics
Number for Phase and Amplitude Antenna Measurements

A. BARYSHEV 1 , M. CARTER 2 , R.HESPER 1 , S. J. WUNHOLDS 3,

W. JELLEMA 3 T. ZIJLSTRA 4

1 NOVA, University of Groningen, the Netherlands
2 TRAM, Institut Radio Astronomique Millimetric, Grenoble France
3 SRON-Groningen, Groningen, the Netherlands
4 Department of Applied Physics (DIMES), Delft University of Technology

ABSTRACT

For the ALMA Interferometer and FIRST Mission a means of measuring accurately the
phase and amplitude of horns and other antenna structure in the submillimeter bands is
required to ensure good alignment and high coupling efficiencies to the telescopes.
This paper gives a means for making these measurements by using a SIS junction as a
sub harmonically pumped mixer. The measurements that are shown were made at
640 GHz, which is in the ALMA band 9, but they can be taken up to higher frequencies.
A High harmonic number (>30) was used in these measurements and dynamic range of
about 40 dB was achieved.
Any type of antenna structure connected to a SIS mixer could be measured. For these

measurements a diagonal feed horn antenna was chosen. The mixer was mounted into a
wet cryostat with a 1.2 GHz to 1.7 GHz IF. The cryostat was aligned against far field
antenna measurement range. The transmitter moves in an X-Y raster scan in front of the
cryostat window. The transmitter horn was a fundamental mode open-ended waveguide.
The local oscillator in the range of 10-20 GHz was injected into the mixer by means of
cold -20 dB directional coupler mounted into its IF chain. The phase locked Gunn
multiplier chain was used as the transmitter. High harmonic of LO and Gunn chain
output are combined to give an IF of 1.2 GHz. A homodyne phase and amplitude
receiver was used for this measurement.
It is to be noted that no LO insertion was used at high frequencies. This has a great
advantage for investigation of systems with wide beam because it does not limit the
field of view taken up with optical local oscillator injection.
We will show the polar diagram, measured with this technique. The linearity of sub-
harmonically pumped mixer was ensured by repetitive measurements of the same
pattern with different signal levels. The IF output dependence from the SIS junction
bias voltage will be presented. Optimal pumping power, signal level, operating bias
point and conversion coefficient will be reported.

SUBHARMONICALLY PUMPED SIS MIXER

SIS junctions are widely used as detector element for quantum-limited mixers[1-6]. The
high nonlinearity of SIS junction I-V curve allows making these mixers very efficient.
The same high nonlinearity allows it to be used as a subharmonically pumped mixer.
For instance, an SIS junction can be pumped with a local oscillator (LO) at microwave
frequency F Lo to detect an input signal (RF) of a much higher frequency, FRF, at an
intermediate frequency (IF) F = FRF I1XF Lo where n is the harmonic number.
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Figure I: Scheme of mixer LO connection.

Subharmonically pumped SIS mixers for low harmonics number n = 2-5 were used by
various groups Ft Higher (it > 30) harmonic numbers were used in on-chip harmonic
SIS mixers to study the linewidth and phase locking of the Flux Flow oscillator [8]. In
this paper we present details of the operation of a subharmonically pumped SIS mixer
for high harmonic numbers, and phase-and-amplitude antenna beam measurements
using such a mixer.
The experimental mixer layout that was used to inject the LO is shown in fig, 1. The
mixer was mounted on the cold plate in the vacuum space of a liquid helium dewar. The
LO was injected through the —20 dB port of a directional coupler, providing at least 20
dB attenuation. The IF frequency, ranging between 1 and 2 GHz, was picked up
through the main path of the directional coupler via a bias-tee and isolator, and
amplified by a low noise Berkshire Technologies amplifier. The isolator provides good
rejection of the LO signal to avoid damaging of the amplifier by the relatively high level
of LO power. A waveguide mixer in the range of 450-520 GHz was used for studying
the subhan-nonically pumped mixer operation. A Thomson carcinotron was used as RF
source. To calibrate the conversion efficiency, the RE signal was injected through a
12 gm thick Mylar beamsplitter. A rotating grid was used to regulate the RF signal
power. It was possible to pump the SIS mixer to alpha level a = 1.2 during the
experiment.
The W output power was amplified by room temperature amplifiers with a total gain of
60 dB, and then connected through a tunable band-pass filter (30 MHz bandwidth) to a
power detector. An automated measurement system [9] was used to record data.
The I-V curves of the measured SIS mixer are shown in fig. 2. The R. value of the SIS
junction is about 20 S2 . The junction's quality factor is about 30. The I-V curve with
only LO power applied is shown by dotted line. Note that the LO power applied in this
case is significantly smaller than the optimum LO power. No photon steps
corresponding to 9.09 GHz are resolved in the picture. The dashed line represents the
SIS junction pumped by the RF signal only. In this case the height of the photon-
assisted tunneling step can be used as a measure of incident RF power. The junction's I-
V curve corresponding to the optimum operation is shown as a continuous line. It looks
like a "straight line", meaning that the mixer is "overpumped". The appropriate level of
magnetic field was applied during the experiment to suppress the noise and conversion
due to the Josephson effect.
The IF output power vs. mixer bias for these I-V curves is shown in fig. 4 for odd, and
in fig 5 for even harmonic numbers. The output power has a periodical behavior with a
period that is much larger than the width of the photon-assistant tunneling step
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3 4 5
Voltage (mV)

Figure 2: curves of the SIS mixer 1) with neither RF or LO, 2) with RE only, 3) with
LO only 4) with RF and LO. Note that cases 3) and 4) have different LO power.
FRF = 484 GHz, FLo = 9.907 Gliz

corresponding to FLo. The IF output has comparable amplitude for adjacent odd and
even harmonic numbers. One should note that due to the symmetry of the SIS
junction's curve, the odd harmonics have a zero in the output power at zero bias
voltage while the even harmonics have a maximum at that point. The relative amplitude
of the peaks in figs. 3 and 4 is changing nonlinearly as function LO input power. The
estimated optimum LO input power was about —10 dBm, measured at the mixer-
directional coupler interface. The loss due to mismatch between mixer and LO is not
taken into account. It can also be seen that significant IF output power is produced, even
for bias voltages far above the SIS junction's gap voltage of about 2.8 mV.
An additional measurement was made to check the linearity of a subharmonically
pumped mixer with respect to the input RF signal. For this, the output power of the
mixer was recorded while changing the mixer bias for different RF power levels. The
RF power level was then calibrated by switching the LO off and measuring the height of
the pumping step at a bias of 2 mV.

1 2 3 4 5 6 7 8
Voltage (mV)

Figure 3: IF output power vs. SIS mixer bias for different operations regimes.
FRF = 484 GIL, FLU = 9.907 GHz, 49th harmonic of synthesizer is used.
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Figure 4: IF output power vs. SIS mixer bias for different operations regimes.
F RF = 484 GHz, 50th harmonic of synthesizer is used

For low pumping levels (a<l) this current is proportional to the RF power coupled to
the junction. We assume that if the mixer is linear for such a high input power, that
there will be no problem to use it for the much lower input powers that are typical for
antenna beam pattern measurements.
The results of such a measurement procedure is presented in figs. 5 and 6. The mixer
current of about 50 IAA corresponds to the mixer pumping level a=1. One can conclude
that this mixer should only be used in the bias region close to zero, since the 1 dB
compression point is highest there.

Figure 5: IF output power vs. SIS mixer bias for different RF signal power levels.
F RF = 484 GHz, 49th harmonics of synthesizer is used. X axis: SIS mixer bias voltage in
mV, Y axis: SIS mixer bias current at 2 inV with LO switched off (proportional to input
RF power) in pA, Z axis: IF output power (au.)
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Figure 6: IF output power vs. SIS mixer bias for different RF signal power levels.
FRF = 484 GHz, 50th harmonics of synthesizer is used. X axis: SIS mixer bias voltage in
mr, Y axis: SIS mixer bias current at 2 in with LO switched off (proportional to input
RF power) in #A, Z axis: IF output power (au.)

ANTENNA BEAM PATTERN MEASUREMENTS

We used the waveguide SIS mixer, with diagonal feedhorn, described in [10] as
subharmonically pumped mixer in our experiment. The mixer was mounted directly in
front of the infrared radiation filter and the dewar window in such a way that its beam
could be measured by a probe outside the dewar. The X-Y translation stage described in
[11] was used for scanning. A tapered open-ended waveguide probe mounted on the
multiplier chain was used as test feed.
The electrical connection scheme used in the experiment is shown in fig. 7. A phase-
locked Gunn oscillator followed by a Shottky diode doubler and tripler was used as
signal source. The signal (17 GHz) from a microwave synthesizer (G2) was used to
pump both the SIS mixer and a harmonic mixer mounted between the Gunn source and
the doubler. The IF output of the latter is filtered, amplified and multiplied by 6 to
create a reference signal, coherent with the source signal, which is used to lock a vector
voltmeter. The IF signal (1.2 GHz) from the SIS mixer was connected to the signal port
of the vector voltmeter.
Since the RF frequency is in the range of 600-720 GHz, high multiplication numbers of
the LO have to be used. That made the phase noise in the reference signal too high for
the vector voltmeter to lock on it. However, since the same phase noise is also present
in the SIS mixer IF signal, it can be subtracted by using the two-mixer chain shown in
the bottom part of fig. 7. This scheme allows us to extend the measurement frequency
even higher because it eliminates
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Figure 7: Scheme of the measurements and phase compensation scheme

the phase noise present in the source signal. A very narrow-band filter can be placed
after the chain to further increase the signal to noise ratio of the system.
The antenna beam pattern for different signal source powers is presented in fig. 8. Some
saturation at the 0 dB source level can be observed, but none is visible for source levels
of-3, —6 and —9 dB. The small variations between the traces are due to slight changes in
the effective signal path between the source and receiver due to different attenuator
settings. A residual standing wave exists between source and detector, caused by
imperfect matching of the source and detector elements. The measurements were done
at 634 GHz RF using the 42' 1 harmonic of the LO signal source.

-30 -20 -10 0 10 20 30

Displacement

Figure 8: IF output power vs. source position for different source powers.
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Figure 9: IF output power (left) and detected phase (right) vs source position measured
in the E and H planes.

The measured phase-and-amplitude antenna pattern of the diagonal horn, in both E and
direction, are presented in fig. 9. The signal to noise ratio of the system was about

45 dB. The phase is clearly detected even when the amplitude of the signal is close to
-40 dB, due to the phase compensation technique described above. For all antenna beam
patterns presented here, the subharmonically pumped SIS mixer was used at zero bias.
A comparison was made between the classical way of measuring the beam pattern by
means of two RF sources (as described in [11]), and the subharmonically pumped SIS
mixer. During the experiments, the system was switched over from one type of
measurement to the other, while keeping all positions (including that of the
beamsplitter) the same. The far field antenna beam pattern, calculated from the near
field measurements is shown in fig. 10.

CONCLUSION

The operation of an RS junction as a subhannonically pumped mixer with large
harmonic numbers was studied experimentally. It was demonstrated that the conversion
efficiency and linearity of such a mixer is good enough for using it in phase-and-
amplitude antenna beam pattern measurements. A comparison was made between the
conventional extemal-LO scheme and the one with the subhannonically pumped mixer,
by performing antenna beam pattern measurements using both of them. The patterns
were found to correspond to a high degree. The phase-noise compensating technique
made it possible to use the system at very high frequencies.

-20 -10 0 10 20 30
Angle (Deg)

Figure 10: IF output power in the far field vs. angle for classical and subharmonically
pumped measurements.
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Low noise SIS mixer with Nb tuning circuit for
the frequency above 1 THz
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We developed a SIS mixer for the 1.1-1.25 THz band of the heterodyne receiver
of Herschel space observatory. The quasi-optical SIS mixer has two
NbN/A1N/Nb junctions with the critical current 30-50 IcA/cm 2 and the gap
voltage of 3.4 mV. The tuning circuit integrated with SIS junction has the base
electrode of Nb and a gold wire layer. This approach simplifies the SIS junction
technology, compared to a design using NbTiN base electrode. The junction
base electrode and the ground of the tuning micro strip circuit are formed in one
step. The frequency of operation of the mixer is well above the gap frequency of
Nb, and it behaves here as a normal metal. The epitaxial Nb film is gown at the
sapphire substrate. The resistivity of Nb at the critical temperature of 0.211,011m
cm is below the resitivity of the best normal metal films. This allows us to
expect the loss of only 2 dB in the junction tuning circuit at 1.2 THz. The
measured receiver noise temperature is below 600 K.
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ABSTRACT

Low-noise THz SIS mixers are needed for the Heterodyne Instrument for the Far-Infrared
(HIFI). Based upon the success of past work, in which NbTiN/Si02/A1 tuning circuits
were shown to enable the development of low-noise 515 mixers for frequencies up to 1
THz, a new waveguide mixer design is shown to be suitable for use in the 800-960 GHz
band of HIFI. Potential modifications to this design that could improve its performance
at higher frequencies are also discussed.

1. INTRODUCTION

The Heterodyne Instrument for the Far-Infrared (HIFI) [1] requires low-noise SIS mixers
for frequencies between 480 and 1250 alz. Below 700 GHz, the low-loss performance
of Nb tuning circuits enables the development of SIS mixers with nearly quantum-limited
sensitivities [2-4]. However, the RF losses in Nb increase significantly at higher
frequencies [5], causing all-Nb SIS mixers to become increasingly less sensitive [6]. Past
work has shown that the use of NbTiN-based tuning circuits can yield low-noise RS
mixers at frequencies up to at least 1 THz [7-9] 1 In particular, a quasi-optical mixer
incorporating a NbTiN/5i0 2/A1 tuning circuit and standard Nb SIS junctions has been

=shown to yield a receiver sensitivity of TN,rec 253-315 K between 850 and 980 GHz [8].
Unfortunately, although previously demonstrated waveguide mixers offered similar peak
sensitivities [9], their RF bandwidths were significantly smaller than that of the quasi-
optical mixer. Furthermore, both types of mixer showed a loss of sensitivity above 1
THz, which was attributed to increasing RF losses in their NbTiN ground planes [8,9].

This paper presents a redesigned waveguide mixer incorporating a NbTiN/Si0 2/A1 tuning
circuit that is similar to that used previously. This mixer is shown to yield low-noise
performance over a wide RF bandwidth, making it suitable for use in the 800-960 GHz
band of the HIFI instrument. Potential design improvements are also discussed.

2. MIXER DESIGN

SRON is responsible for developing SIS mixers for bands 3 and 4 of HIFI (covering 800-
960 and 960-1120 GHz, respectively). The design of these mixers is expected to fulfill a
long list of optical, mechanical, thermal, and electrical interface requirements, plus
requirements related to space qualification. A prototype of the band 4 mixer is seen in
Fig. 1, and its design is described in detail elsewhere in these proceedings [10].

Throughout this paper, NbTiN is used to represent (Nb0.70Ti0.30)N1, where x — 0.5.
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Fig. 1 — The demonstration model of the HIFI Band 4 Mixer Unit. The corrugated
horn, plus the DC and IF connectors are all visible. The mixer unit is 32x32x45 mm3.

The performance requirements for the HIFI mixers are derived from the baseline
instrument sensitivity defined in the HIFI proposal (see [1]), resulting in a baseline mixer
sensitivity requirement of TN ,ilx — 3.5 hf/kB across the mixers' full RF and IF bandwidths
(4-8 GHz). 2 Based upon the results of past work [8,9], it is known that NbTiN/Si02/A1
tuning circuits can yield mixers with high sensitivities up to at least 1 THz. However, the
RF bandwidth of the previously demonstrated waveguide mixers was limited to — 100
GHz [9], due to the fact that the mixers' RF design had not been optimized. Instead, use
was made of an existing full-height I THz waveguide mixer block and RF embedding
circuit design (i.e. the designs of the waveguide probe and RF choke filter on the SIS
chip) [11] Furthermore, because the devices' on-chip tuning circuits were originally
designed for use with an all-NbTiN tuning circuit, they were also non-optimal for the
NbTiN/Si02/A1 tuning circuit that was ultimately used.

The redesigned mixer incorporates a half-height waveguide, in place of the full-height
waveguide used previously. The detailed waveguide, waveguide probe, and RF choke
designs are all scaled from the design of a 600-700 GHz mixer that is in use at the James
Clerk Maxwell Telescope (JCMT), in Hawaii [12]. In particular, the design of the JCMT
mixer was scaled to the 880 and 1040 GHz centre frequencies of bands 3 and 4 of HIFI

Note: all dimensions are given in gm.

Fig. 2 — Waveguide and substrate geometries for the mixers described here.

2 
Note that TN is defined as the effective input noise temperature of the mixer plus a 4-8 GHz IF

amplifier chain (with TN = 10 K). It is estimated from the measured receiver noise by correcting for the
RF losses in the receiver optics (i.e. beamsplitter, dewar window, and heat-filter(s)).
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Fig. 3 — RF embedding impedances estimated for the 880 and 1040 GHz
mixer designs. These are scaled from the calculated embedding impedance
of the original 650 GHz design [13].

by assuming a 650 GHz centre frequency for the original design. The RF performance of
the 650 GHz design was modelled in a 3-D electromagnetic simulator [13], to determine
the RF embedding impedance seen at the input to the on-chip u-strip tuning circuit. This
frequency-dependent impedance was then scaled to estimate the embedding impedances
of the 880 and 1040 GHz mixer designs (see Fig. 3).

The second stage of the mixer redesign was an optimization of the on-chip tuning circuit
to maximize the RF coupling to the SIS junction(s) across the 800-960 and 960-1120
GHz bands. For the purposes of this design, two basic device geometries were used — a

(e) (d)

Fig. 4 — SIS Device Geometry. (a) a cross-section of a single-junction device, (b)
the SIS device layer properties, (c) the twin-junction tuning circuit geometry, and
(d) the single-junction tuning circuit geometry.
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twin-junction design similar to that used previously at 1 THz [9], and a single-junction
design that is similar to that in the 650 GHz JCMT mixer [12] (see Fig. 4 for schematic
drawings of these tuning circuit layouts). Fig. 4 also summarizes the properties of the
SIS junctions and the tuning circuit materials used for this design study.

For both basic device geometries, the coupling of radiation to the SIS junction(s) has
been estimated by using the embedding impedances in Fig. 3 as the source impedance in
a simple transmission line model of the v-strip tuning circuit and a lumped element
model of the SIS junction(s). In this model, the surface impedance of the Al wiring layer
is calculated under the assumption that the Al is in the anomalous limit [14], while the
surface impedance of the NbTiN ground plane is calculated using the Mattis-Bardeen
formulation for the complex conductivity of a superconductor in the extreme anomalous
limit [51 (using values of Te = 13.0 and 14.5 K to model effective gap frequencies of 1.0
and 1.1 THz, respectively). The results of these calculations are summarized in Fig. 5 for
the four basic designs (880 and 1040 GHz variants of the twin- and single-junction
designs).

As seen in Fig. 5, the calculated responses of both the twin- and the single-junction
designs can cover the full 800-960 GHz band, although the coupling the junction(s) is
expected to be 20-30 % higher if a twin-junction design is used. In contrast, the
performance of the 1040 GHz designs is critically dependent upon the effective gap
frequency of the NbTiN ground plane (as simulated by the use of different values of the
Te of NbTiN). In particular, if the effective gap of the NbTiN is 1.1 THz, the 1040 GHz
designs are expected to behave similarly to the 880 GHz designs. If on the other hand,
the effective gap of the NbTiN is — 1.0 THz (as was found to be the case in previous
work [8,9]), the calculated performance of both designs drops significantly across the
960-1120 GHz band. In this case, an all-normal-metal tuning circuit would be needed to
obtain significant sensitivity near the upper end of the band (see Fig. 5b).

Fig. 5 — Calculated RF coupling to the SIS junction(s) for the 880 and 1040 GHz
twin-junction and single-junction designs (in (a) and (b), respectively). The twin-
junction designs are estimated to be — 20-30 % more sensitive than the single-
junction designs, while the responses of both types of 1040 GHz device depend
strongly upon the Tc of the NbTiN ground plane (modelled by using different values
of the Tc of the NbTiN ground plane).
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3. DEVICE FABRICATION AND CHARACTERIZATION

Based on the results of the design study described in the previous section, three of the
four basic device designs have been implemented in finished devices (twin- and single-
junction 880 GHz devices, plus twin-junction 1040 GHz devices).

The fabrication process used to produce these devices is similar to that used previously
for the fabrication of NbTiN-based SIS devices [9,15]. The NbTiN ground plane is
deposited at room temperature, yielding a film with 're = 14.4 K and pn — 110 gl . cm [16].
The most significant modifications to the process described in Refs. 9 and 15 are in the
definition of the SIS junctions — reactive ion etching of the Nb junction electrodes in
CF4 + 02 has been replaced by reactive ion etching in SF 6 + 02 , and an extra 0 2 plasma
etch has been added to controllably shrink the resist pattern following the etching of the
upper Nb electrode (prior to the Ar sputter etch of the junction barrier). These changes
are intended to improve the reliability of the junction definition process.

After fabrication is complete, the devices are evaluated by first measuring their DC
current-voltage characteristics (at 4.2 K) to identify promising candidates for RE testing.
Selected devices are then mounted in a reduced-height mixer block, together with the
appropriate corrugated horn, and the mixer block is mounted on the cold plate of a
Helium cryostat. RF radiation is coupled into the cryostat through a 100-[tm Mylar
vacuum window and Zitex G104 infrared heat-filters mounted on the 77 and 4 K stages
of the cryostat. The quasi-optical RF beam is focussed into the mixer by an off-axis
elliptical mirror that is mounted on the 4 K stage of the cryostat. The 4-8 GHz IF output
from the junction is decoupled from the DC bias with a planar bias-T circuit that is built
into the mixer block. The mixer's IF output then passes through a 4-8 GHz Pamtech
isolator and a low-noise 4-8 GHz YEBES amplifier [17] before leaving the cryostat. The
total noise of the IF chain is — 10 K across the 4-8 GHz band.

The spectral response of the mixer is first measured with a Fourier transform
spectrometer while operating the device as a direct-detector. Testing then proceeds with
measurements of the heterodyne sensitivity of the receiver. For the results presented
here, the response of the mixer is evaluated in a total power mode by measuring the full
4-8 GHz output of the receiver with a power meter. The noise and gain of the receiver,
plus the noise contributions of the receiver optics, are evaluated using the Callen-Welton
formulation for the signal power radiated by a blackbody load [18].

4. MEASURED DEVICE PERFORMANCE

The DC current-voltage characteristic of a representative 880 GHz twin-junction device
is seen in Fig. 6, together with the IF output power of the device (both with and without
the application of local oscillator power). The gap voltage of these devices is typically
2.6-2.8 mV and the sub-gap to normal-state resistance ratio is typically 10-15. (This is
lower than is expected for 7-8 kAkm 2 Nb SIS junctions, but is comparable to previous
results obtained using Nb junctions integrated with NbTiN-based tuning circuits [8,9].)

As a test of the frequency-responses of the three basic tuning circuit designs, devices of
each type have been tested with the Fourier transform spectrometer (see Fig. 7). As can
be seen, both the single- and twin-junction 880 GHz designs yield strong responses
across a wide RF bandwidth. In contrast, the responses of the 1040 GHz devices are
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Fig. 6 — Current and IF output power vs. bias voltage for an 880 GHz twin-
junction device measured at 4.5 K, both with and without applying
866 Gllz LO power. The hot and cold IF output power curves correspond
to 300 and 77 K blackbody signal loads and the sensitivity of this mixer is
determined to be TN,rec = 420 K at 866 GHz.

much weaker than those of the 880 GHz devices. This is attributed to the fact that the
response peaks of the 1040 GHz devices are tuned too high in frequency, so that their
sensitivity is reduced by losses in the NbTiN ground plane above 1 THz. Evidence of
this cut-off is also seen in the responses of the 880 GHz twin-junction devices, which are
shifted above the 800-960 GHz band in which they are designed to operate. (They are
actually sensitive from 850 to 1000-1050 GHz.)

The heterodyne responses of the four 880 GHz devices in Fig. 7 are summarized in Fig.
8. The twin-junction devices are seen to yield low receiver noise across the 850-970 GHz
band, with optimum receiver sensitivities of 420 and 364 K measured at 4.5 and 2.5 K,
respectively. Also shown in Fig. 8 are estimates of the effective input noise at the mouth
of the waveguide horn (obtained by correcting for the estimated losses in the input
optics). After this correction is applied, these mixers are found to offer sensitivities at

Fig. 7 — Measured FTS responses of: (a) three 880 GHz twin-junction devices, (b) one
880 GHz single-junction device, (c) and two 1040 GHz twin-junction devices. Both 880
GHz designs produce strong responses over a broad RF bandwidth. In contrast, the 1040
GHz devices produce very weak responses. The poor performance of the 1040 GHz
devices is attributed to the fact that the devices" centre frequencies are tuned above the
effective gap frequency of the NbTiN ground plane.
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(a) (b)

Fig. 8 — Measured receiver noise temperatures of the 880 GHz devices measured to-
date (together with receiver noise temperatures that have been corrected for optical
losses). (a) summarizes the peak performance of the four measured devices (note that
the twin-junction devices, c57 and c65, are significantly more sensitive than the single-
junction device, c31, as predicted in Fig. 5), while (b) summarizes the frequency
dependence of the heterodyne response of c57 at a 4.5 K bath temperature. All noise
temperatures are averaged over the full 4-8 GHz IF band.

2.5 K of TN,mix — 230 K. Finally, with a peak sensitivity of TN,rec = 506 K at 2.5 K, the
one single-junction device measured to-date is — 30 % less-sensitive than the most
sensitive twin-junction device, which is in line with the predictions of the tuning circuit
performance presented in Fig. 5.

5. DISCUSSION

Based upon these results, it appears that the 880 GHz twin-junction device design
performs as expected, yielding relatively low noise across a broad RF bandwidth. In
particular, the measured sensitivity of TKinix — 230 K at 890 GHz approaches the baseline
specification for the HIFI mixers (— 170 K at this frequency). However, although some
incremental improvements may be possible within the existing design and device
geometry (i.e. if junctions with lower leakage currents and/or higher current-density (Jo)

can be obtained, or if the resistivity of the Al wiring layer can be reduced), an
improvement beyond this baseline would likely require a more major design
modification. In particular, two potentially major changes can be identified:

A. The use of high-quality, high current-density junctions with A1N„ barriers
[19,20] would reduce the loss in the NbTiN/Si0 2/A1 tuning circuit [21] (which
is estimated to be — 3 dB in the present twin-junction devices). See Fig. 9a for
an estimate of the RF coupling improvement that could be obtained by using
junctions with Jo = 20 kA/cm2, in place of the 7.5 kA/cm2 used currently.

B. Alternatively, the present waveguide + waveguide probe + RF-choke design
yields a relatively large embedding impedance (see Fig. 3), which requires a
high-Q tuning circuit to couple radiation to the SIS junction(s). In contrast, the
use of a suspended-stripline design for the RF choke [22,23] or a single-sided
waveguide probe [24] could yield a lower embedding impedance, and thereby
reduce the RF loss in the tuning circuit.
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More significant improvement is needed in the 1040 GHz devices, as the existing NbTiN
ground plane does not appear to be of high enough quality for use at 1.1 THz. In
particular, two options are seen as being the most likely to succeed:

A. Make use of the existing design and geometry, but with higher quality NbTiN
films grown at elevated temperatures and/or on lattice-matched MgO substrates
[25,26]. (Note that for a waveguide mixer, the elevated-temperature option is
preferred because the MgO substrate would have to be thinned to — 15 p.m to be
electrically equivalent to the 25 lam thick quartz substrates used currently.)

B. Alternatively, the integration of an all-normal-metal tuning circuit with high-
quality, very-high J, SIS junctions based on an MN, tunnel barrier has been
shown to yield low-noise mixers up to at least 1.2 THz [27].

The potential improvements in RF coupling that could be obtained by these two options
are demonstrated in Fig. 9b.

Unfortunately, a number of these development options are not seen as realistic within the
context of the pressing HIFI schedule. (The flight model mixers are needed by mid-2003,
meaning that the flight model SIS devices are needed by the end of 2002.) For this
reason, it is expected that the 880 GHz mixers for HIFI will be based upon the existing
design (although some incremental improvements in the devices may be possible). For
the 1040 GHz devices, the most likely solution will be the use of higher-quality NbTiN
films (grown at elevated temperatures) in the existing device design and production
process (since even a small improvement in the effective gap of the NbTiN should be
enough to significantly improve the mixer performance in the 960-1120 GHz range).

6. CONCLUSIONS

A waveguide SIS mixer incorporating a reduced-height waveguide and a twin-junction
NbTiN/Si02/A1 tuning circuit is shown to yield low-noise performance over a broad RE
bandwidth (850-1000 GHz), with a best-measured sensitivity of TN,rec = 364 K at 890
GHz. Correcting for the losses in the receiver optics, this corresponds to an input noise

0
700 800 900 1000 1100

Frequency (GHz)

880, low-Jc — 880, high-Jc

(a)

—9— low-Tc NbTiN high-Tc NbTiN
Al + low-Jc --A-- Al + high-Jc 

(b)

Fig. 9 — (a) The simulated effect of increasing the junction Jc to improve the
performance of the 880 GHz design. (b) The effect of modifications to improve the
performance of the 1040 GHz devices (increasing the NbTiN gap frequency, or using
an all-Al tuning circuit with low- or high-J, junctions).
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of the mixer together with the IF chain of TN,,,,,„ — 230 K, which is approaching the
baseline specification for the HIFI instrument (170 K at this frequency). Unfortunately,
the performance of this mixer geometry drops significantly above — 1 THz, due to
increasing RF losses in the NbTiN ground plane. It is hoped that this problem can be
rectified by the integration of higher-quality NbTiN films with the existing device design
and production process.
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ANALYSIS OF SUPERCONDUCTING COPLANAR WAVEG-
LUDES FOR SIS MIXER CIRCUITS

P. KITTARA, G. YASSIN AND S. WITHINGTON
Department of Physics, University of Cambridge,
Madingley Road, Cambridge CB3 OHE, UK

ABSTRACT In this paper we analyse the behaviour of the copla-
nar waveguide for SIS mixer circuits. In particular we present design
curves for the propagation constant and the characteristic impedance of
the transmission line, in addition to conduction, radiation and surface
waves losses. The analysis is based on a conformal mapping method
which rigorously takes into account the effect of metallisation thickness.
We will show that the three loss mechanisms can be important, depending
on the transmission line geometry and on frequency.

INTRODUCTION

A simple SIS chip requires three circuits: the feed circuit which couples power
from the feed to the SIS device, the tuning circuit which tunes out the capaci-
tance of the tunnel junction and the IF circuit which carries the low frequency
signal. Conventionally, these circuits have been fabricated in microstrip, using
Niobium in the superconducting state or Aluminium in the normal state. At
frequencies above the gap however, the losses in both cases become substantial
so that the noise temperature of the mixer becomes dominated by the circuit
losses. Another problem that the mixer designer faces at high frequencies is that
the length of the single stage stub become difficult to realise since its length be-
comes comparable to its own width and to the dimensions of the device. For
example, at 700 GHz, taking a microstrip deposited on SiO of width w= 3pm
dielectric thickness of h= 400 nm we find that the requited stub length which is
requited to tune out the capacitance of a typical 1 pm2 junction is about 1,3pm.
In this paper we shall present our work which addresses those difficulties, by in-
troducing the superconducting coplanar waveguide (SCPW) as an alternative to
the superconducting microstrip.

The coplanar waveguide is extensively used in printed circuit technology
despite the the fact that at low frequencies and large dimensions it is known to
have higher conduction losses than the microstrip. For example, a microstrip
which consists of a copper strip of width w= 200p,m, deposited on a substrate
of dielectric constant € = 12.9 and thickness h= 200pm has a characteristic
impedance value of Zo= 43 Q and an attenuation constant of a = 0.025 db/mm.
On the other hand, a coplanar waveguide which uses the same material and
substrate and having a gap of s=5 pm and a central conductor width w= 40 pm
has a characteristic impedance Zo= 21 Q and an attenuation constant a = 0.3
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FIGURE I Geometry of the coplanar waveguide and the microstrip

db/mm. The situation however becomes completely different when SIS mixer
circuits dimensions are employed. For example, a copper microstrip line at 900
GHz with t = 5.8, h= 0.4pm, w= 2 pm and film thickness t  0.4p/m gives Zo=
21 Q and an attenuation Value of a = 33.9 dbimm. In comparison a copper
CPW with the same film thickness and at the same frequency, having the same
dielectric constant and h= 60 p,m, w=100p,m, s=2 pm, yields a characteristic
impedance value Zo 37 Q and a much lower attenuation constanta = 2.5
dbimm. For mixer circuits therefore, the conduction loss of the microstrip
circuit is far larger than the loss of the coplanar waveguide. In addition, It is
recognised that CPW have the following advantages over the microstrip:

• It offers a useful range of characteristic impedance values. As we shall see
later, impedance values in the range of 50-200 Q may be obtained for gap
and central conductor width dimensions which are easy to fabricate.

• The electrical parameters are insensitive to the substrate thickness. This
property is particularly important in SIS mixer circuits

ta The central conductor and the ground planes are in the same plane. This
means that only a single layer deposition is required, which could simplify
the fabrication of the mixer chip a great deal.

Despite the above obvious advantages, the SCPW is not commonly used in
mixer circuits. Even at frequencies above the gap, the very lossy microstrip
has been preferred. In fact it has been reported that in the few cases where
attempts were made to use SCPW , the results were poor as a result of
large losses. We attribute this problem to the fact that the design of these
circuits was not based on rigorous theoretical procedure which took into
account all the loss mechanisms. In this paper we shall describe design
equations which take into account the various loss mechanisms in SCPW
in particular radiation and surface waves losses. We will show that the
contribution of each to the total loss is strongly dependent on the geometry.

METHOD OF CALCULATION

Comparison of various methods
Full wave analysis of CM is very hard since this requires the calculation of the
current density over the conductors for arbitrary film thickness and as a function

572



Thirteenth International Symposium on Space Terahertz Technology, Harvard University, March 2002.

of frequency. This is particularly true in the case of mixer circuits where the
metallisation thickness is comparable to some of the transmission line parame-
ters such as the CPW gap. The need to include metallisation thickness in the
basic formulation arises from the fact that the current density near an infinitely
thin metal edge diverges to infinity as 1- 4 where r is the distance from the edge.
Consequently the loss over a conductor with infinitely thin edges is unbound.
To avoid laborious numerical procedures which add little to the accuracy of the
final results we make use of the TEM approximation which requires that the
cross section dimensions of the transmission line to be small compared to the
wavelength . This allows us to derive analytical expressions for the characteris-
tic impedance and the propagation constant for arbitrary film thickness, using
a quasi-static approach. Methods that use this technique proceed usually as
follows:

▪ Use Schwartz-Christoffel conformal mapping to map the CPW with thick
metallisation in the z-plane to a CPW geometry with infinitely thin met-
allisation in the Z 1 plane. As a result of the symmetry, it is sufficient to
work with half the cross section and consequently the resulting geometry
in the Z 1 plane is a slot line with finite assymetric ground planes.

• The electrical parameters of the slotline in the Z i plane can now be found
rigorously using standard computational techniques. However, following
Heinrich approach (Heinrich, 1993), a quasi-TEM method combined with
reasonable approximations is used to calculate the capacitance and induc-
tance of the slotline using analytical formulas. Those expressions extend
over several pages, hence are too long to include in this paper. The reader
is therefore referred to the cited reference. The accuracy of Heinrich ex-
pressions is good as long as we satisfy the quasi-TEM condition:

1
v << 

v 7/7 w 2s
: h > ÷ 2s)

(1)

where c is the speed of light in vacuum. Taking a cross section dimension
of 50p,m we find that v <, 3 THz. It should be added however that when
the gap is much smaller than the strip width and is comparable to the film
thickness this condition could be relaxed since the fields will be confined
to the gap and do not fringe much into the dielectric.

It is also worthwhile noticing that a main difference between the expres-
sions given in this paper and others is that here,the influence of the thick-
ness is incorporated in the formulation of the problem while in other ap-
proximate treatments the effect of the thickness is taken as a correction to
the zero-thickness case. We therefore believe that Heinrich expressions are
more accurate, in particular for very thick metallisation as it is the case
in mixer circuits.

▪ Whence the inductance and characteristic impedance are known the con-
duction loss is calculated using Wheeler's incremental method.

• After deriving expressions for the modal parameters, the superconducting
values can then easily be calculated by replacing the normal conductivity
with the complex conductivity given by NI - attis-Bardeen equations.
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FIGURE II Design curves at 700 GHz for a Nb CPW in the normal state for
three characteristic impedance values. The substrate dielectric constant r=3 8,
t= 400 nm and h= 60 pm

Finally, the electrical parameters computed by Heinrich theory are com-
pared with those given by 'Whitaker ct al (Whitaker, 1988), (Gupta, 1996)
and the commercial package HP-EEsof. Whitaker et al uses approximate
expressions based on conformal mapping and corrected by for the film
thickness (Gupta, 1996). To make the expressions pply beyond the TEM
limit they use a frequency correction factor which includes imperial param-
eters. We cannot therefore comment on the applicability of this correction
for all CPW dimensions. We also found that HP-EEsof which uses similar
formalism applies in the TEM interval only.

Calculation of the characteristic impedance

We start our computation by showing a design curve for three characteristic
impedance values corresponding to a Niobium CPW (Fig. 2). The chosen film
thickness. substrate height and Zo values are typical to those found in mixer cir-
cuits. -We would like to emphasise that superconductivity (unlike in microstrip
lines) does not alter those values significantly. This is in contrast to microstrip
geometry where the penetration into the strip, substantially modifies the modal
parameters of the transmission line (Yassin and Withington, 1995). Another
important observation which we can learn form Fig. 2 is that it is difficult to
obtain low impedance values for convenient strip and gap dimensions. For ex-
ample, to obtain a 38 C2, for a gap s = 2pm we need a strip thickness w=100
pm which is too wide. Lower impedance values can only be obtained for much
narrower gaps which increases the fabrication complexity. Values of 509, and
above on the other hand are easily obtained. This is shown in Fig 3 where we
plotted the impedance as a function of the strip width for several gap values.
The dependence of the propagation constant and the characteristic impedance
for a CPW in the normal state on frequency are plotted in Fig. 1 and Fig. 5
respectively. It can be seen that our computations agree well with those given by
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FIGURE III Characteristic impedance values for a CPW as a function of the. •
strip width and gap c r =3.8, t, 400 nal and h, 60 itm

Whitaker et al for frequencies below 1 THz. Above this frequency, the results
start to depart slowly as a result of the frequency correction factor used by
Whitaker. The equivalent plots for the superconducting state are very similar
to those in Figs. 4,5 , hence are not plotted below.

Calculation of conductor losses

In Fig. 6 we compare the conduction losses of a SCPW when the modal values
are computed by the three methods as a function of frequency. We also include
the loss for a superconducting microstrip with the same metallisation (Niobium)
and dielectric constant, having a width of 2p/m and a substrate height of 400
nm (Yassin and Withington, 1995). It can be seen that in the frequency range
below 1THz, there is close agreement between Whitaker et al and our methods
both below and above the superconducting gap. In addition it is also shown
that the conduction loss of the microstrip above the gap is substantially higher
than that of the CPW. Notice that at frequencies above the gap. the losses of
the SCPW become equal to those computed for the normal CPW. This is of
course to be expected since at frequencies above the gap, Cooper pair-breaking
becomes dominant.

RADIATION AND SURFACE WAVE LOSSES

In addition to the dielectric and ohmic losses, coupling of power to radiation
and surface waves in coplanar lines contributes substantially to the total loss.
those losses depend strongly on frequency and geometry. For thick substrates,
radiation losses are dominant since the CPW radiates efficiently into the dielec-
tric. For very thin substrates. radiation losses are small and surface waves are
cutoff. In this case, conduction losses are dominant. As the substrate thickness
increases, surface waves start to propagate resulting in steeply increasing loss as
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FIGURE IV Characteristic impedance as a function of frequency for a Nb
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FIGURE V propagation constant as a function of frequency for a Nb CPW.
cp=3.8, t= 400 nm and h= 60 p,m, w= 100 itm
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FIGURE VI Conduction losses as a function of frequency for for a supercon-
ducting Nb CPW and a microstrip. For the CPW: c e =3.8, t= 400 nm and h=
60 itm w= 100 pm. For the microstrip: c r =3.8, t= 400 nm w=2 p and h= 400
11111

shown_ in Fig. 8.

Thick Substrate

The radiation into the dielectric occurs because the phase velocity of the waves
propagating along the transmission line is larger than the velocity in the dielec-
tric. The radiation is emitted in a semi-cone of an angle given byOr a d

COS Orad) = 
kd

(2)

where k, is the CPW propagation constant and kd is the propagation constant
in the dielectric. Using the reciprocal method and quasi-static approximation,
it can be shown that the attenuation coefficient is given by (Rutledge, 1983)

C Pit' 58.7(1 — 11€,) 2 (w + 2s) 2

‘-
t
ra

c
i = d13/m (3)

K(k)K i (k) 0 + 1/( i . ,Nti

where k = sl(w-E2s) and K(k) is the elliptic integral.
It can easily be seen that the radiation loss is proportional to the square of

the total line width and to the cube of the frequency. At very high frequency,
the quasi-static approximation breaks down and full wave analysis becomes nec-
essary (Phatak. 1990).

Thin Substrate

Surface waves losses occur when elementary sources on thin substrates couple
to surface waves. Those losses become important when the substrate is too thin
for radiation losses but thick enough to make the propagation constant of the
surface waves larger than that of the transmission line. When this happens, the
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FIGURE VII Ray optics diagram for propagation in a dielectric waveguide.

FIGURE VIII Radiation (solid line) and surface wave lossesfor a CPW with
= 2pin_ w = 100pm and c r = 3.8. Surface waves losses are plotted for several

substrate thicknesses. Condctor losses are computed for Nb in the normal state.
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transmission line begins to lose power at a rate which is determined by the angle
.0, given by:

k,COS (,V5147 ) = 3

where k, is the propagation constant of the line and 13 is the surface waves
mode propagation constant. Notice that the turn-on frequency is larger than
the usual cut-off frequency of the dielectric slab guide.

Using reciprocity and quasi-static approximation for the impedance and
field distributions, the attenuation coefficients due to surface waves can be writ-
ten as (Rutledge, 1983)

149.6 sin( ) cos2 ( OM, ) sin (0 d) cos2 (0  ( te + 2

Ad

(4)

T E
" S =

1 + 1/(i, hT, EKK, d13,/m • (5)

M 149.6 sin'( ) sin (0d ) w 
"sly =7 1 + hTAIKK1

alim (6)

where 9d is the angle of incidence on the dielectric-air interface as in Fig. 7 and
he is the effective guide thickness given by

h e =h+26 (7)

where h is the actual dielectric thickness and (5 is the apparent ray penetration
in the air region on the total internal reflection and can be calculated from

1T E 

01'92 9

TM_ 1
7' M(Irit4)2 kd 

where 3 = kd sin(0d) is the dielectric guided propagation constant.
For the interfering zigzag plane waves to form a mode, the phase lag after

reflection from top and bottom and return to the top must be a multiple of 27

—2k d hcos(0d ) = 2m7, = 0, 1, 2...

oT E 2 tan —

TAT = 2 tan-1

where 0 is the phase shift due to total internal reflection at dielectric-air interface
(Ramo, 1994).

To calculate the attenuation we first find the angle of incidence 1d for each
mode. by solving the above simultaneous equations. From that the propagation
constant and eventually the loss coefficient can be calculated. Clearly the to-
tal loss is the superposition of the loss contributions of all propagating surface
waves modes. Note that TED and TIT0 substrate modes can exist for very thin
substrates.

sin2
COS(0 

\//el 8 2 () 
cos OA
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CONCLUSIONS

A summary of coplanar waveguides losses discussed in this paper are computed
in Fig. 8 and may be summarised as follows:

• For very thick substrates, ' the CPW is dominated by radiation losses in
the frequency range relevant to high frequency SIS mixers.

• Surface waves loss is transformed into radiation loss as the substrate be-
comes very thick (see Fig. 8).

• The turn-on frequency of surface waves is a strong function of the substrate
thickness. Whence turn-on occurs, surface waves losses become dominant.

• It is possible to find geometries where radiation and surface wave losses are
negligible. For example, consider the CPW described in Fig. 8. Assuming
that our operation frequency is 1THz, we choose a substrate thickness
which is less than 60 prn to minimise radiation and surface wave losses,
hence make our mixer performance limited by conduction losses (which
are small for coplanar waveguides)
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