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1. INTRODUCTION

The recent gro ress in development of high-sensitive SIS
mixers of 100-500 GH:z frequenc¥ region with corresponding
noise temperature 30-300 K (Fig.1) [1,2], superconducting lo—
cal oscillators in this portion of spectrum [3,4] with line—
width of the order of 0.7 MHz, SQUID amplifiers of IF signals
in 0.1-0.4 GHz region with noise temperature less than 1 K
I;SP, different types of planar antennas, matchin elements,
ilters and so on in integrated implementation an combininj

them into integrated structures oif different complexity [6
clears the way to integrated receiving chips of mentione
frequency region. Receivers based on integrated chips compri-
sing mentioned superconducting elements will be comparatively
inexpensive, having small dimensions and weight and necessary
reliability. = Fabrication of such  compact = receiving chips
opens the way to the creation of superconducting matrix for
image receiver.

Results of correspondin investigations, developments
and estimations of creation of entirely superconducting inte-
rated receivers for frequencies up to 700 GHz are given.
esults not published earlier are given in more details.

2. JUNCTIONS FABRICATION TECHNOLOGY AND LAYOUT DESIGN

QOur technology group has the possibilities to fabricate all
types of superconductive circuits that are designed and inve—
stigated in our laboratory. These possibilities based on high
quality Nb—AlOx—Nb tunnel junction f{abrication process which
has been described previously [7,8]. In this process we use
stress—free Nb films for three-layer sputterin and well-
}[gnown “self aligned” process for junction geomegry determina—
ion.

The junctions properties ﬂspecific capacitance, magnetic
penetration depth in the Nb films) have been investigated in
wide range of critical current densities [8]. The results ob-
tained make possible to design and fabricate complex microwa-
ve receiving and Single Flux Quantum (SFQ) circuits perfectly
matched in the desired frequency range.

For fabrication of SIS arrays consistin of numerous
identical high critical current density Nb-AlOx—Nb junctions
we utilize usual optical lithography and double step “self
align”  process (cross method). Here we provide usual “self
align” operational procedure: lithography, RIE, anodization,
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insulator deposition (SiO) and lift-off twice, defining two
comparatively long (1.5x10 pm) junctions perpendicularly each
other. The square junction with approximately 1 um dimensions
(decreasing dimensions is due to RIE underetching) are reali-
zed on the crossing. In our RIE setup it is possible to keep
underetching at 0.4 -0.7 um and f{abricate submicrometer Nb-
AlOx-Nb tunnel junctions in controllable manner.

In our laboratory a CAD system for photomask construc-
ting was developed. It consists of different kind calculation
and superconductive circuits modeling software which is .spe-
cified for digital RSFQ logic and SIS mixer circuits. Based
on this modeling photomasks are plotted using PC Dbased
drawing systems. Special pro%ram provides analyzing of the
particular topology and converts drawing data to data conve-
nient for an E-beam photomask processing machine. The program
comprises drawing data converting module, topology analyzer
(arbitry topology), and data l;13roceedir1g module which is acco-
mmodated for the concrete photomask Frocessing machine. Thus
all lines from the primary drawing oi the future chip ready
for producing photomasks is CAD supported. Now we are using
this technology for all our investigations.

3. SERIES RF / PARALLEL IF ARRAYS OF SIS JUNCTIONS
FOR WAVEGUIDE MM WAVES MIXERS.

Since 1982 we have developed mixing SIS arrays which have
unique design because of parallel connection between the
junctions for both dc¢ bias and IF output signal but for ri
signal the connection is still in series [9] (SRF/PIF
design). The original idea of this connection was appeared as
a result of analysis for earlier experiments with SIS
mixers which had shown number of problems [10].

This problems have been overcome by using the SRF/PIF
design because it provides simultaneously:

i) low capacitance and high impedance referred to input
port which are equivalent to those of series array;

ii) the same optimum voltage for all junctions in the ar-
ray which is feature of an ideal array;

iii) tuning out intrinsic capacitance by means of special
design of bias circuits;

iiii) low output impedance close to 50Q without using any
transformers.

Simple relationships can be established to calculate op-
timum number N and parameters of single junctions in the ar-
ray as well. The SRF/PIF connection ,provides for the mixing
array increased input impedance NG seen by rf source an

decreased output impedance Ggé/N seen by IF amplifier. Here
Gwﬂ and Goo—l are input and output impedances of pumped

single junction respectively [11]. The optimum number N of
junctions in such array could be calculated to get desired
oth input and output imgedances in followed manner [12]

N*=(G, /G )G,/ Gyo)

Here Gs and G, are real parts of rf source and IF load admit-
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tances need to be matched respectively. The ratio Gaxo/Goo

could be obtained from experimental junction IVC using nume-—
rical calculations based on three—port model [11].

The integrated bias circuits can be used not only as an
rf isolation, but also as tunin%__ elements to tune out junc-
tion’s intrinsic  capacitance. ig.2  illustrates  the esign
rinciple have been developed for the new arrays. It shows
he transition from purely resistive nonlinear elements con-
nected in series by mean of assembling with lumped resonant
circuits toward tuned arrays wit series rf/parallel IF
connection of SIS junctions (crosses). The figures a)-c) pre—
sents the way to combine together even number of junctions.
The base unit is the original two—junctions cell with three
electrodes and rf rejection filter L,C; (see Fig. 2).

Two different ways could be wused to tune odd number
array. The examples d)-f) and g)-i) illustrate this diffe-
rence which is mainly in parameters of tuning inductances and
capacitances. In the «case f{) tuning capacitances should be
equal to junction capacitance C, but for case i) only half of
that. The ratio for inductances should be inverse. The tuning
bandwidth is wider for the <case i) if junctions parameters
are kept the same.

he treatment above allows to state that one could ob-
tain  perfect matchin% condition for SIS mixing element
without any input/output transformers if mentioned require—
ments are satisfied.

In Figure 3 the layout of experimental five—junction ar—
ray is shown. It is an example of practical realization of
variant i) from Figure 2. The tuning inductances are patter—
ned as short circuited two wire lines. It should be noted
that capacitance coupled to the tuning inductance is approxi-—
mately four times less than for individually tuned junction.
It makes easier to design inductive elements for higher fre—
quencies, because the loop need become not too small.

Laboratory tests oI the experimental receivers were car—
ried out in liquid helium cryostat at mixer ambient tempera—
ture in range 4.2-5 K. The input signals were obtained from
matched loads at 80K and 300K placed in front of the horn an-
tenna on the top of the cryostat. The mixers have only one
tuning element Q)ackshort plunger) which can operates as an
image rejecter. The output IF signal centered at 1.5 GHz was
amplified by cold low—noise (=10K) IF amplifiers and registe—
red by spectrum analyzer.

The magnetic field up to 6000 A/m could be applied to
the mixing array by superconducting coil, but it was not
really used because the new arrays have suppressed critical
current. The suppression is caused by weak random magnetic
fields coupled to the tuning loops which are galvanically
connected to the pair of junctions (see Fig.2). This configu-
ration is very similar to dc-SQUID which has critical current
very sensitive to magnetic field. This property is very help-
ful to suppress Josephson ster in sub—mm region.

The receiver noise temperature measurements have been
carried out bX using data acquisition system. This system is
based on the AT-286 IBM compatible computer and HP8566 spect-—
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rum analyzer connected together by GP-IB interface. The prog—
ram was written in C language and performs digital processing
and %raphics based on the data obtained from spectrum analy—
zer. It makes experiments more convenient and accurate. All
variants presented in Figure 2 have been tested as mixing
elements. The low-noise wide band receiver performance has
been obtained even if very simgle input and output circuitry
was used (i.e. full height input waveguide and single tuner;
absence of any output transformer).

In spite of similar results were obtained with 2, 4 and
S5—junctions arrays in 2 mm band (5, 10 and 11-junctions array
in 3 mm band {13]) it was found that arrays which parameters
better fit the optimum matching conception demonstrated wider
tunin% range and lower noise temperatures.

n Figure 4 the summary for the best receivers tested in
40-150GHz frequency range 1s presented in comparison with
quantum limit h?/k. This data have been obtained with
parallel biased arrays as a receiver front end mixing
elements.

The optimum matching conception have been developed for
SIS array mixers and was successfully confirmed in frequency
range 40-180 GHz. This conception could be applied for full
height waveguide mixers and for mixers integrated with strip—
line structures as well. Very Ilow noise parameters (Tr$50¥()

were demonstrated in 40-150 GHz frequency region.

4. QUASIOPTICAL SIS MIXERS WITH MICROSTRIP TRANSFORMERS
AND SPIRAL ANTENNAS

Another approach is associated with open structure SIS mixers
based on equiangular spiral antenna with integrated on chip
coupling circuitry and a single or pair stacked SIS junc-
tions. Open  structure SIS mixers are under developing in our
laboratory since 1984. From the very beginning the equiangu—
lar spiral antenna was used. The Tfirst design was specified
to use Si substrate placed in oversized circular waveguide at
75 GHz. Inductive loop with DC block capacitor was integrated
in the antenna apex area for SIS junction capacitance compen—
sation at 75 GHz.

Next step in the integration circuit was made in 1989:
it was suggested to connect SIS junction and antenna via a
microstrip 1mpedance transformer with length little bit lon—
ger than quarter of wavelength. This additional piece of mic—
rostrip line acts as inductance for resonating out the SIS
%'unction capacitance. Quarter wavelength microstrip  trans—
ormer is used for transformation of already real i1mpedance
to spiral antenna driving impedance ~44 Ohm [14] and later
was successfully applied to 115 GHz spiral antenna SIS mixer,
Fig.5 shows the topology of the 115 GHz receiver chip [15].

Further developing of this technique is associated with
twin SIS junctions compensation circuit which was suggested
[16] to wuse for resonating out SIS junctions capacitance by
mean conjugating of the impedance of one to compensate reac—
tance of another. The twin junctions compensation circuit
in combination with microstrip impedance transformer was
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implemented for 500 GHz SIS mixer receiver.

The result which is presented at the present conference
[2] was obtained in_ a very close collaboration with Chal-
mers  University of Technolog with a group of Prof
E.Kollberg. The receiver demonsirated noise temperature below
300 K DSB at the frequency band 450-515 GHz. Relatively large
optically lithographed SIS junctions and the particular topo-
logy ot the twin circuit make very easy suppression of the
Josephson steps on pumped IV curve. Low normal state resis—
tance of the junctions wusing both in impedance transformer
and twin circuits improve saturation power of the SIS mixer.
Our calculations show very good sprospec'ts of the integrated
structure based on open structure SIS mixer and twin junc—

tions tuning circuit for submm band applications up to 800-
900 GHz.

5. SIS ARRAYS INTEGRATED WITH MATCHING ELEMENTS
AND PLANAR ANTENNAS

Integration of SIS junction arrays with planar wide band an-
tenna allows to increase instantaneous bandwidth of receiver
up to octave in comparison with rather narrow—band traditio—
nal waveguide mixers with SIS junction arrays or planar
antennas with integrated single microstrip transformer and
single SIS junction. Integrated receivin structure  compri-
sing seli-Babinet—complementary spiral antenna, array of SIS
junctions connected in series as seen by the RF but are
garallel DC-biased through the same inductances that provide
he tuning for the SIS junctions capacitance has been desi%-
ned and exgerimentally studied. Array was designed for 80-160
GHz wave band and consists of 5 éIS junctions 1.5 pm® area
each, six inductive short—ended slot-lines and two decouplin
capacitances. Effective  direct detector bandwidth of suc
structure with quantum efficiency equals unity has been esti—
mated as wide as 70 GHz. oise temperature of heterodyne
mixer has been measured in three—lens Gaussian beamguide by
means of hot/cold loads method, vyielding receiver DSB noise
temperature 80 K. IF mixer port load bandwidth and thermal
background radiation influence on IV curve and saturation of
SIS mixer have been studied.

The waveguide type SIS mixers signal frequency increa—
sing over achieved values ~500 GHz [17] 1is connected with
increasing problems of mechanical elements fabrication tole—
rances and ‘increasing with frequency losses in waveguides and
lungers. From radioastronomy point of view it is much easier
o use quasioptical methods of focusing and transmission of
initial signal which is presented at the output of radio te-
lescope as a gaussian beam.

The combining quasioptical beamguide and wide bandwidth
planar antenna allows to design more broadband device than
waveguide type receiver system having conversion gain and
noise temperature close to the best achieved in waveguide
type mixers [18]. Among disadvantages of quasioptical systems
may be mentioned the absence of tuning elements and possibi-
litgl of antenna-substrate interaction, which can lead to beam
pattern distortion at some frequencies.
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Advantages and drawbacks of both mentioned methods leads
to conclusion about combining series—parallel arrays and in—
tegrated planar antennas in order to obtain effective mixer
matchin%r in wide bandwidth and increasing of central frequen—
cy up to 700 GHz and higher. Problems of external broadband
tgermal radiation on mixer parameters and its saturation in
such system should be carefully studied.

In these experiments we used equiangular seli-Babinet
two—arm spiral antenna similar to [18] with shape according
to relation r=Roexp(a¢) where r and ¢ - polar coordinates, a

and R - constants (see Fig. 6a). Value of a=0.36 was chosen

as compromise between two cases of wider beam pattern with
lower and more elliptical beam pattern with higher values.
Impedance of such antenna placed on %rtz hygerhemisphere
corresponds to relation th=Zo/(O.5+0.5n% ~114 in more

than decade frequency band.

SIS junction array (Fig. 6b) consists of five junctions.
Six sections of end-shorted slot lines were used for parallel
connection of junctions and capacitances tuning out. The cen-
tral sections are 140 pm long and opter sections are 70 um
long. Area of each junction is 1.5 pm® and the whole structu-
re designed for central, frequency 115 GHz is -equivalent to
single junction of 0.3 pm® area.

Such integrated circuit operates  without additional
choke filters in IF channel preventing signal leakage because
spiral antenna itself has a useful property of automatic cur—
rents cutoff which means that only central part of antenna
takes part in signal receivin%. The length of such active
part of antenna not exceeds the signal wavelength, i.e 2-3
mm in our case.

In order to make direct measurements of antenna beam
pattern and to adjust precisely 3-lens beamguide at room tem-—
perature we have fabricated similar structures with golden
antenna of the same shape and bismuth microbolometer instead
of SIS array. Bolometers were made of Bi film 200 nm thick,
30 Q/[] resistance, 3 um width and 9-16 pm length. Beam pat-

terns of bare antenna on quartz substrate, the same on quartz
hy?erhemisphere lens and also with counterreflector behind
antenna are shown in Fig. 7. Data presented in Fig.7 are nor-
malized to maximal signal corresponding to the last case.

In IF channel the col amplifier and circulator were
used to prevent standing waves at the output of the mixer.
Such amplifier was matched with SIS array in bandwidth over
0.5 GHz. It may lead to the mixer output saturation. For
mixer dynamic range increase it is desirable to make IF band
narrower and short—circuit its output out of this band. For
this purpose we have tested two types of filters. First con-
sists of microstrip line section and decoupling capacitor,
and the second - of antenna+leads inductance and capacitor
comprising together series resonant circuit.

Matching efficiency at IF was estimated from IF port
noise temperature, measured with SIS junction shot noise as
noise source. In general current noise in SIS junction cor-
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responds to the relation 1N2=2el°Af°coth(eV/4kT) which is
reduced to simple shot noise relation IN2=2eI°Af for voltages

above the energy gap. Noise temgerature of the receiver was
measured in DSB mode with hot (300 K) / cold (80 K) loads. In
this experiments a sufficient influence of hot/cold switchin
on IV curve and IF noise was observed even in the absence o
LO power for array with dc resistance 20 Q. This fact is
clear illustration of mixer input saturation b broadband
thermal radiation of the order of 100 GHz with etffective tem-
perature 300 K. Observed in the same experiment rather high
noise temperature equals to 180 K at 108 GHz is due to this
saturation effect.

Another SIS array with 10 Q normal resistance was tested
with switching on and off additional cold attenuator with
losses 3.8 dB. The receiver noise temperature with open atte-
nuator was 350 K, and with closed attenuator 200 K. For ano-
ther cold attenuator with 8.8 dB losses the receiver noise
temperature was 250 K and 80 K for open and close cases cor—
respondingly, see Fig.7b. These experiments show that the
main problem for such very broadband SIS mixers is the output
saturation and it may be solved by restricting input and
output bandwidths.

6. SUPERCONDUCTING MILLIMETER WAVE RECEIVER
INTEGRATED ON A CHIP

At firequencies above aYproximately 300GHz a problem of local
oscillator  for  spectra receivers  arises; it is  especially
important for satellite receivers and/or image receivers com—
bined many mixers. This is why the idea of using superconduc—
ting local oscillators integrated with SIS mixers looks very
attractive.

Josephson oscillations in long tunnel junctions due to
solitons’ motion along the tunnel region can be wused as a
microwave source. The frequency of oscillation [ is dependent
on the dc voltage V across the junction according to the
Josephson relation:

f=2eV/h

The soliton mode generation has very narrow linewidths t[19]
and the frec}uency is strictly determined by the junction
length due to resonant properties of the gunction cavity
[20]. Moreover it is very difficult to obtain microwave
oscillations at frequencies higher than approximately 150 GHz
in the “soliton” mode. The flux—flow mode of oscillation
(FFO) in the similar long junction uses viscous motion of the
solitons (see, for ex. [21]) and <can be tuned almost

permanently up to 500 GHz with large output power. The
experimental integrated  receiving  structure @ comprises SIS
arra mixer integrated  with Flux—Flow type  Josephson

oscillator used as a LO source on the same substrate. The
mixer was designed based on the new SRF/PIF conception (see
section 3). The FFO local oscillators and SIS array mixin
elements have been sputtered in the same run onto a 15x24x0.
mm quartz substrate which then was cut down to chips of
0.5x5.3x0.1 mm size (the same size as ordinary mixing chips).
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The Nb—AlIOx—Nb trilayer process has been used [22] to form
both generating and receiving junctions, so they have the
same current density.

An equivalent circuit for the experimental structure is
presented in Fig.8. It is simplified version to clarify the
actual layout shown in Fig.9. Bottom electrode (1) of the
structure serves as a ground plane for impedance transformer
(7) and was shaped as low—pass filter to prevent leakage of
microwave power along the substrate. The 5-step octave band-
width microstrip impedance transformer with ratio 1:30 is
loaded by a Ti film resistor (8) to avoid reflections and re-
sonances in the LO part. The transition from transformer to
couplin§ probes {9) rovides isolation for the input rf sig-
nal and about -10 dB attenuation for the LO power delivered
b{ the FFO. The 10 pum gap between probes serves as a dc-
block. The substrate could be split along this gap to obtain
two independent elements: FFO and mixing SIS array.

The experimental mixing section was based on two junc-—
tions array FIQ]. The array have an inductive tuner designed
to tune out the reactance of both {unctions around 150 GHz
(see Fig.2a in section 3). The top electrode (3} forms a low-
gass filter for the output IF signal. This Tfilter design is
ased on quarter—wave coplanar and mlcrostrig lines. The new
receiving structure has to be wused wit three independently
dc control current sources. One more source is needed to pro-—
duce a magnetic field to control the FFO junction. The magne-
tic field was applied to the chip bY a superconducting coil
in the plane of the junction. The field up to only 4-8 A/m
was used to provide the tuning of FFO.

The integrated receiver has been tested in the same
mixer block which was wused for ordinary mixing experiments.
The mixing block has full height Trectangular waveguide
0.8x1.6 mm) and single tuning backshort of circular shape.
he input noise signal has been sup¥lied to the mixer through
a oversized waveguide. The LO power from BWO and Gunn oscil-
lator have been introduced by means of a cold diplexer (—26
dB) mounted on the mixer block input flange.

The IF output signal (1.3-1.8 GHz% passed through cooled
isolator was amplified by cooled FET amplifier. Tg*)ical noise
temperature of the IF channel estimated from the SIS junction
shot noise was less than 10 K.

The maximum power 80 nW coupled to the array have been
estimated at a FFO frequency range 100-140GHz. It corresponds
to a normalized rf voltage equal to o=1 that is sufficient to
ump the SIS array mixer. However the minimum receiver noise
emperatures (67K at 133 GHz and 85 K at 140 GHz) were obtai-
ned with lower powers (220nW).

The LO power coupled to the array changes when the
backshort is moving. It is very similar to the case when ex—
ternal LO used. The experimental data for two different chips
(#1 and #2) tested in two different laboratories in compari—
son with two different external LO (BWO and Gunn oscillator)
are presented in Fig.10. It is surprising that the receiver
noise temperatures obtained with the FFO could be somewhat
lower at certain frequencies than for the case of mixer pum-—
ped by external oscillators.
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It was demonstrated experimentally that a Flux—Flow LO
can provide good stable and repeatable low-noise operation of
a SIS receiver at short millimeter wavelengths.

7. FLUX FLOW OSCILLATORS STUDIES

Superconducting Flux—Flow Oscillators (FFO) integrated on the
same chip with microwave detector have been experimentall
investigated in the wide frequency range 100 - 450 GHz.
ossibility to adjust the oscillator rf power by changing the
ias current and /or magnetic field has been demonstrated.
The detected microwave power as high as 0.3 uW has been
achieved at FFO firequency 375 GHz. The linewidth of the FFO
about 1 MHz has been estimated from different mixing experi—
ments. An integrated circuit which consists of a FFO, coup—
ling transformer sections, superconducting high f{requency at-
tenuator and microwave detector with tuned out capacitance
have been designed and successfully tested.

The possibility to create a SIS receiver with integrated
Flux—Flow Oscillator (FFO) has been recently demonsirated
53,4]. The frequency tuning in the range 280 - 330 GHz with
inewidth 2.1 MHz have been reported in [4]; the {ront-end
noise temperature of real integrated receiver as low as 85
K at 140 GHz has been achieved [3]. In_ this report we present
the results of farther investigation of FFO and more compli-
cated g’ntegratgd circuits. High qualitgl Nb—AlOx—-Nb junctions
(jcz 10° A/cm® ) were used as elements of the integrated cir—

cuits; technological procedure for their fabrication was pub-
lished in ¥3,23].
A Tfirst type of the integrated circuit consists of a
long Josephson  junction, a couplin impedance transiormer
ion

sec and a microwave detector with tuned out -capacitance;
it is similar to described in [3]. To provide the additional
dumping the long Josephson junction was shunted by Ilow
inductance Mo  resistor (Rn<Rs<Rj). Nevertheless even  for

laxi__ge external magnetic field together with a flux-flow step
(FFS) the weak Fiske steps (FS) at \/Fs = n<I>ov/2L occurred

(v = is  Swihart ve]ocit‘{_,l L - junction length). At chan irég
of the magnetic field the flux—flow step moves on IVC
VFF=vAu°H, where A — magnetic thickness of the junction.

Flux—flow step ”“emphasizes” the corresponding FSs and increa-
ses their amplitude. Therefore it was possible to realize
flux—flow regime at appropriate FS providing the small dyna-
mic resistance and permanencg of the generated frequencgl.

Fig. 11 shows the IVC of the detector for diiferent FFO
bias currents at constant magnetic field One can see that
the frequency (f=2375 GHz) is fixed and only changing of the
power takes place. It should be noted that for the same H but
at different bias currents the generation of 175, 375 and 450
GHz was observed. The same was also possible at constant bias
current by changinl:gF the magnetic field only to provide the
variation of the O power (similar to shown in Fig. 11)
without distinguished changing of the FFO frequency.

For measuring the FFO Ilinewidth the ing’egrated receiver
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circuits [3] have been used. The signal from external synch—
ronized generator, f = 70 or 140 GHz (4-th or 8-th harmonic
of the — 22 GHz  pure linewidth source) was mixed with
140 GHz FFO signals in SIS junctions arr}a—?r. The output signal
was connected to room temperature 1.5 GHz IF amplifier. One
of the measured spectrum 1s shown in Fig. 12, it’s possible
to estimate the 3 dB linewidth which is about 0.7 MHz. Theo-
retical estimation of the linewidth [24
8f =(nkT/® )*(R’/R,)

ives a smaller value about 100 kHz. It should be mentioned
hat as a rule some additional modulation of the FFO signal
took place. This effect was observed in quit different set-
ups and probably is connected with the small instabilities of
fluxon motion in long Josephson junction.

To achieve the ultimate parameters of a SIS mixer the
local oscillator (LO) power should be carefully controlled
without angl changing of the FFO frequency. We have designed
and investigated integrated circuits which comprise FO,
microwave detector, matching elements and adjustable super—
conducting high firequency attenuator. The action of this at-
tenuator i1s based on the change of the microwave impedance at
variation of the SIS junction bias. Fig. 13 shows the action
of the integrated attenuator at frequency 325 GHz. Because of
non optimal design there was a large enough attenuation even
in open state; numerical calculations predict that the per—
formance of the integrated attenuator circuit could be consi-
derably improved.

8. SIS ATTENUATOR FOR FFO OSCILLATOR

To achieve the optimal performance of the SIS mixer the LO
pumping level should be adiusted with the accuracy about 1
dB. It’s especially important for synchronous arrays of the
Josephson junctions, whereas for Flux Flow Oscillators (FFO)
microwave power could be tuned within large enough range by
changing the current bias and/or magnetic field But even for
FFO ~the adjustment of the power might results in changin%
frequency and/or linewidth. To provide the possibility o
fine tuning of the microwave power we have introduced a new
integrated element -  superconducting attenuator for high
frequency signals.

An action of the attenuator is based on the change of
the microwave impedance Z of a superconducting tunnel junc—
tion at variation of its dc voltage bias V. The microwave
impedance Z(V) is dependent also on the frequency f, but for
f < eV /h one can distinguish three basic regions on IVC of a

SIS jungction. At V>>Vg the real part of the impedance ReZ is
equal to normal state resistance R, ReZ>>R at |V |<(Vg—hi/e)
and ReZ<R_  at VEVg. To realize this simplified picture the

1unction critical current should be suppressed and capaci-
ance of the SIS junction has been tuned out. The attenuator
junctions could be placed in microstrip line between signal
source and detector in series or/and parallel; in both cases
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the R should be about characteristic impedance of the line.
The attenuator is closed at |V |<(Vg—hf/e) for series connec—
tion and V = Vg for parallel one; the “open” state takes

place at opposite combination of the biasing. Numerical cal-
culations, based on Tucker’s theory, have confirmed this con-
sideration.

The diiferent types of the integrated microcircuits have
been designed and realized to check the idea of impedance at-
tenuator. An equivalent diagram for one of the integrated
circuit is shown in Fig. 14. The 70 GHz microwave signal was
introduced in the circuit through fin-line antenna and micro—
strip quarter wave transformer. An attenuator itself consist
of three identical sections -S,S,,P. [Each sections combines

two SIS junctions (A=25 pm?® R =4-8 Q),which are connected in

series for RF signals but in parallel for DC; the capacitance
of the junctions are tuned out at signal freq uencgl by small
inductance. Two series attenuator sections Sl and , are con-

nected together bty large inductance L. After attenuator the
microwave power through transformer T2 was connected to the

detector SIS junction (A=5 pm®, R= 20 Q); its capacitance is

tuned out by inductance of the microstrip stub.
All  microcircuits which include three superconducting Nb
layers and two double SiO2 layers have been fabricated using

technological l3rocedure developed for SIS and RSFQ devices
(Section  2). igh quality Nb—AIOx—Nb junctions with critical

current density jc52-103 A/cm® and subgap to normal state re—

sistance ratio R,-/Rn>20 were used as attenuators and detec—

tors.

Fig.15 demonstrates the action of the series attenuator
(S—att) at I = 74.6 GHz; the IVC of the S-att, measured
between terminals “1” and ”3”, is presented in the insertion.
The IVCs of the detector junction were obtained at four dif-
ferent bias voltages on the S-att, these voltages are marked
in the insertion also. One can see the signilicant changing
of the detected microwave power at variations of S-att bias.
At point “1” (V2V_) the S-att is open (a = eV :/hf = 2) while

at point “4” (V=0, «at~0.02) IVC of the detector is close

enou%h o the autonomous one which is shown by dashed line in

Fig.15. So, it’s possible to introduce the attenuation of

H}xe Smitigowave power at least 17 dB by changing the bias of
e S—att.

To investigate the dependence of the attenuation on bias
voltage more carefully we have applied to the circuit modula—
ted microwave power and measured by lock—in amplifier the re-
sponse of the detector. The quali{ative agreement with the
numerical calculations has been found. The detailed experi—
mental results and their comparison with the theory will be
published elsewhere.

The presented results have confirmed the possibility to
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create an adjustable superconducting attenuator for microwave
signals. The wide dynamic range (more than 15 dB) together
with small losses in the “open” state have been demonstrated
in both numerical calculations and experiments. New elements
could be successfully used in integrated mm wave and tera—
hertz receivers as precisely controlled attenuator and micro—
wave modulators.

9. IF SQUID AMPLIFIER AND ITS TESTING BY SIS JUNCTION NOISE

The noise and signal parameters of several types of the IF
amplifiers based on the different SQUIDs with integrated and
hybrid input coils were studied. A new type of the multiloop
dc SQUID with integrated input coil and extremely low stray
capacitances was designed. he inductance of a four—loop
SQUID was 100 pH, the input coil inductance 1.3 nH and mutual
inductance 300 pH. The noise temperature of untuned SQUID
amplifier with hybrid input coil at 100 MHz was 1.2 *1 K and
the power gain has exceeded 20 dB. The tuned integrated four—
loop amplifier at 450 MHz has nearly 20 dB gain in 60 MHz
band. For the noise «calibration of such amplifiers we used
SIS junctions as a shot noise source or cooled attenuator and
a room—temperature semiconductor noise source.

The main disadvantages of the previous studied SQA are
relatively low operating frequency and a high influence of
external magnetic fields on SQA parameters. For the signal
frequency increase with preservation of the low noise tempe—
rature and high gain the Josephson frequency in the SQUID
loop should be increased and it means that the loop induc-—
tance and capacitance should be decreased. In the well-known
integrated SQUID structure [25] the stray capacitance in the
loop exceeds 10 pF. The capacitance between the evaporated
above the loor input coil and the loop is even more and this
capacitance eads to the significant stray input—output
feedback.

To eliminate these disadvantages and increase the input
signal frequency and band we designed a iour—loofp dc SQUID
with an integrated input coil in the form of rectangular
turns inside the loops (see Fig.16).

The SQUID loop inductance consisfs of the four parallel
connected square loops of 200x200 um® size. The inRJut coil
consists of four series connected square turns with b film
widths 10 pum. Parallel connection of the loops allows to
reduce inductance of the loop and increase the resonant fre—
quency. Series connection of the input turns allows to inc-—
rease the input coil inductance and make easier the impedance
matching with the input 50 Ohm line. The position of input
turns inside the loops was chosen to reduce stray input—
output capacitance.

The SQUID loop inductance in this construction is 100
pH, input coil - 1.3 nH, mutual inductance 300 pH. The stray
capacitance in SQUID loop 1.8 pF, the sum junctions capaci-
tance 0.8 pF, in%ut coil capacitance 0.3 pF, loop—coil capa-—
citance 2.2 pF. The Nb—AIO—-Nb shunted tunnel junctions of

2.5x2.5 pm® area were used as Josephson junctions. The input



Page 684 Fourth International Symposium on Space Terahertz Technology

coil resonant frequency is estimated to be 8 GHz and the loop
resonant frequency 10 GHz.

Since the input coil inductance is rather small and its
reactive impedance at 300 MHz is ~2.5 Ohm, then to match the
input 50 Ohm line and the input coil we wused the resonant
circuit matching [26]. In the design of the matching circuit
the sufficient element is series additional inductance Ls ,

which was in the range 5-15 nH and depends on the size of
connecting leads. Scaling the input circuit elements to the
input resonant circuit one may obtain tpe equivalent capaci—
tance C=C+C, and resistance R=R(C/C)". According to [27]

the optimal Q-factor is Q=(1+L5/Li)/oc2 which in our case
gives Qoptgm and taking into account Q=st/Rr one could
obtain C1=O.2C0.

For such matching circuit parameters the dependence of
the amplified noise signal on frequency is shown in Fig.17.
The measured noise temperature of such SQUID amplifier was
TN<0.5 K at signal frequency {2430 MHz in 60 MHz {requency

band.
The nearest competitor of SQA is cooled HEMT amplifiers
which have TN~(1—3) K at i~(1-3) Ghz, but have rather high

power dissipa—tion equal to tens milliwatts and nearl
achieved their asymptotic parameters. On the other hand SQ
has more than one order reserve in the margins of gain, noise
temperature and signal frequency even on the basis of the
present technology. The sufficient advantages of SQA are
extremely low power dissipation of several picowatt, small
size ~1 mm® and full electrical, material and temperature
compatibility with the superconducting sensitive devices such
as Josephson and SIS mixers.

For these measurements we use SIS junction as calibrated
shot noise source. In such configuration the measurements
layout is similar to SIS mixer with SQUID IF amplifier and
may be wuseful to combine both of these devices in single
chiF. The problem is to design and fabricate integrated
matching circuit with proper series and parallel capacitors.
Direct connection of integrated capacitor to the input coil
was unsuccessful because of too low Q-factor of input
circuit. Such integrated  circuit needs additional series
inductance in order to increase Q-factor and to achieve high
enough gain and low noise temperature.
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Figure 6. a) Seli-babinet spiral antenna

b) ’Series—parallel _array consisting of five SIS junctions 1.5
Mm" area each, six inductive short—ended slot lines and two
decoupling capacitances.
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Figure 16. Four-loop planar dc SQUID with integrated input
cotl. (1,3) and (2,4) - output and input coplanar lines. (%)
— parallel connected inductive SQUID loops each 200x200 mm®,

inside each of them single turns are arranged and connected
in series to form an input coil.

K b
o
3
(%
100 -
50 1
0 S - -
383 433 ¥, ,MHx 483

Figure 17. The dependence of the amplified noise signal on

friguency. The noise temperature is lower than 0.5 K in 60
MH2 bhand



