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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
H 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 SIS junction as a subharmonically 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 external-LO scheme and the one with the subharmonically 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.
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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

A. Karpov, J. Zmuidzinas, F. Rice, D. Miller
J. A. Stern*, B. Bumble*, H. G. LeDuc*

California Institute of Technology, Pasadena, CA 91125, USA
* Jet Propulsion Laboratory, Pasadena, CA 91109, USA

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/AIN/Nb junctions with the critical current 30-50 kA/cm® 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 0.2 uOhm
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.

559



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

560



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

THz SIS Mixer Development for HIFI

B.D. Jackson, G. de Lange, W.M. Laauwen, and L. de Jong
SRON National Institute for Space Research
Postbus 800, 9700 AV Groningen, The Netherlands

T. Zijlstra, N.N. Iosad, and T.M. Klapwijk
Delft University of Technology, Department of Applied Physics (DIMES)
Lorentzweg 1, 2628 CJ Delft, The Netherlands

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/SiO,/Al tuning circuits
were shown to enable the development of low-noise SIS 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 GHz. 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 SIS
mixers at frequencies up to at least 1 THz [7-9]." In particular, a quasi-optical mixer
incorporating a NbTiN/SiO,/Al tuning circuit and standard Nb SIS junctions has been
shown to yield a receiver sensitivity of Tnrec = 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/SiO,/Al 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 (Nby 7T 30)N1.x, where x ~ 0.5.
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S # i

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 mm>,

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 Ty mix ~ 3.5 hf/kg across the mixers’ full RF and IF bandwidths
(4-8 GHz).> Based upon the results of past work [8,9], it is known that NbTiN/SiO,/Al
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 1 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/SiO,/Al 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

JCMT Mixer | HIFIBand 3 | HIFI Band 4
(650 GHz) | (880 GHz) | (1040 GHz)

Waveguide 400x100 296x74 248x62
Backshort Depth 140 103 88

Substrate Channel 100x70 74x52 62x42
Substrate 75%42 55x32 47x26

Note: all dimensions are given in um.

Fig. 2 — Waveguide and substrate geometries for the mixers described here.

2 Note that Ty is defined as the effective input noise temperature of the mixer plus a 4-8 GHz IF
amplifier chain (with Ty = 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 p-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

. Material Critical Par ters
Top Wiring Layer Substrate fused quartz 200 um thick
SIS Junction polished to 20-30 ym
Dielectric Ground Plane | NbTiN 300nm
T~=144K
P16k = 110 pQ-cm
___ Dielectric SiO, 250 nm
fv"{f\‘{s‘ &=38
q Wiring Layer | Al 400 nm
\\1\\\\\\%‘\%\\\\\\\\‘&\ AN R P P 41 = 0.4 uQrom
X Junction Nb/AI-AIO/Nb | J.=7.5 kA/em”
Substrate Bottom Wiring Layer A~09 pm?

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 p-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 [5] (using values of T, = 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
T, 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).

S 08 3 0.8 f—
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700 800 900 1000 1100 1200 . 700 800 900 1000 1100 1200
Frequency (GHz) Frequency (GHz)
}——880 GHz - = = = 1040, low-Tc e 880 GHz - - = = 1040, low-Tc |
1{-—-—*— 1040, high-Tc  —a— 1040, Al low-Jc et 1040, high-Tc |
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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 T of the NbTiN ground plane (modelled by using different values
of the T, 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 T,= 14.4 K and p, ~ 110 uQ-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 + O3 has been replaced by reactive ion etching in SFs + O», and an extra O, 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 RF 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-um 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 kA/cm® 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 GHz 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 Tnrec = 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

N

| ——B53 |

—c31
3 075 3 315 4
s 8 s
(] [
2 o5 2 i 2 1 Poy
g 2 2 S
3 025 8 8 os 1
- /4 - Lf #

[} 0 = : 4

650 850 1050 1250 600 800 1000 1200 750 950 1150 1350

Frequency (GHz) Frequency (GHz) Frequency (GHz)
- (a) (b) (c)

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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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, ¢57 and ¢65, are significantly more sensitive than the single-
junction device, c¢31, as predicted in Fig. 5), while (b) summarizes the frequency
dependence of the heterodyne response of ¢57 at a 4.5 K bath temperature. All noise
temperatures are averaged over the full 4-8 GHz IF band.

2.5 K of Tnmix ~ 230 K. Finally, with a peak sensitivity of Ty = 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 Tymix ~ 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 (Jc)
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 AINy barriers
[19,20] would reduce the loss in the NbTiN/SiO,/Al 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 J. = 20 kA/em?, in place of the 7.5 kA/em® 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 um to be
electrically equivalent to the 25 pum 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 AINy 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/SiO,/Al tuning circuit is shown to yield low-noise performance over a broad RF
bandwidth (850-1000 GHz), with a best-measured sensitivity of Ty = 364 K at 890
GHz. Correcting for the losses in the receiver optics, this corresponds to an input noise
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Fig. 9 — (a) The simulated effect of increasing the junction J. 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 Tnmix ~ 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-
UIDES FOR SIS MIXER CIRCUITS

P. KITTARA, G. YASSIN AND S. WITHINGTON
Department of Physics, University of Cambridge,
Madingley Road, Cambridge CB3 OHFE, 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= 3um
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 um? junction is about l=3um.
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= 200xm, deposited on a substrate
of dielectric constant ¢ = 12.9 and thickness h= 200um has a characteristic
impedance value of Zyp= 43  and an attenuation constant of & = 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 um and a central conductor width w= 40 ym
has a characteristic impedance Zo= 21 © and an attenuation constant oo = 0.3
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Microstrip
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Coplanar Waveguide

FIGURE T  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 € = 5.8, h= 0.4um, w= 2 pm and film thickness ¢t = 0.4um gives Zg=
21 © and an attenuation value of & = 33.9 db/mm. In comparison, a copper
CPW with the same film thickness and at the same frequency, having the same
dielectric constant and h= 60 pm, w=100pum, s=2 pm, yields a characteristic
impedance value Zg =~ 37 € and a much lower attenuation constanta = 2.5
db/mm. 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:

e It offers a useful range of characteristic impedance values. As we shall see
later, impedance values in the range of 50-200 © may be obtained for gap
and central conductor width dimensions which are easy to fabricate.

e The electrical parameters are insensitive to the substrate thickness. This
property is particularly important in SIS mixer circuits

e 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 CPW is very hard since this requires the calculation of the
current density over the conductors for arbitrary film thickness and as a function
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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 r% 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:

e Use Schwartz-Christoflel 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; 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; plane is a slot line with finite assymetric ground planes.

o The electrical parameters of the slotline in the Z; 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:

C

1
where ¢ is the speed of light in vacuum. Taking a cross section dimension
of 50um we find that » < 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.

v <<

h > 2(w+ 2s) (1)

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.

e Whence the inductance and characteristic impedance are known the con-
duction loss is calculated using Wheeler’s incremental method.

o 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 Mattis-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 ¢,=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 et 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 apply 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 7, 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 Q, for a gap s = 2um 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. 4 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. ¢,=3.8, t= 400 nm and h= 60 pm

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 2um 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
CPW. ¢,=3.8, t= 400 nm, w= 100 gm and h= 60 um
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FIGURE V  propagation constant as a lunction of frequency for a Nb CPW.
¢,=3.8, t= 400 nm and h= 60 pm, w= 100 pxm
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FIGURE VI  Conduction losses as a [unction of frequency for for a supercon-
ducting Nb CPW and a microstrip. For the CPW: ¢,=3.8, t= 400 nm and h=
60 pum , w= 100 pm. For the microstrip: ¢,=3.8, t= 400 nm w=2 yx and h= 400
nm

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 ¢.,q given by

k.
cos(Vrqd) = ™ (2)
'd
where k, is the CPW propagation constant and k4 is the propagation constant
in the dielectric. Using the reciprocal method and quasi-static approximation,
it can be shown that the attenuation coeflicient is given by (Rutledge, 1983)

CPW __ 587(] - l/(r‘)‘z (‘ll,’ + 23)2

Grad T WK (VI e A

where k = s/(w+2s) 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).

dB/m (3)

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 VIII  Radiation (solid line) and surface wave lossesfor a CPW with
s = 2um,w = 100pm and ¢, = 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
¥, given by:

COS('@bsw) = k—7 (4)
I}
where k, is the propagation constant of the line and 3 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(¥IE) cos?(¢vLTE) sin(8,) cos?(8y) w + 2s o
LB — (Ysw) (T}?;u,! al ) cos™(64) ( )2 dB/m " (5)
V1+1/e, hITEKK Ad

™ 149.6  sin®(¢IM) sin(6,) ('w + 25)2
(0% ; = ~ -
W= T+ 1/, hIMKK' by

where 6; is the angle of incidence on the dielectric-air interface as in Fig. 7 and
he is the effective guide thickness given by

he = h+ 26 (7)

dB/m (6)

where h is the actual dielectric thickness and & is the apparent ray penetration
in the air region on the total internal reflection and can be calculated from

SN PR ()
JTey - i3

; 1 1
sTM
0 = BTM (9)

(arMy2 g2 (502 - (B2 - 1)

5TE _

where 3 = kysin(6,) 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 :

—2kgh cos(8;) + 2¢ = 2mmr, m=0,1,2... (10)

ST = 2 tan™! [%{;1/6}

— (11
where ¢ 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 8, 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 T Fy and T My substrate modes can exist for very thin
substrates.
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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:

e For very thick substrates, the CPW is dominated by radiation losses in
the frequency range relevant to high frequency SIS mixers.

e Surface waves loss is transformed into radiation loss as the substrate be-
comes very thick (see Fig. 8). '

e The turn-on frequency of surface waves is a strong function of the substrate
thickness. Whence turn-on occurs, surface waves losses become dominant.

e 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 pm 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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