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Abstract 

We have tested the performance of planar SIS mixers with 
iog-penodic antennas at near millimeter and subnulliroeier wave 
frequencies rrom 90 to 360 GHz. The large coRNC product (-10 at 90 
GHz.) of our Nb/NbO,/Pb-In-Au junctions requires an integrated 
inductive tuning element to resonate the junction capacitance at the 
operating frequencies. We have used two types of integrated nining 
eiement.~which were designed with the aid of measurements using a 
Fourier transform spectrometer. Preliminary resulu indicate that the 
rumng elements can give very good mixer performance up to at least 
200GHz. An inductive wire in parallel with a 5-junction array gives a 
minimum mixer noise temperature of 115K (DSB) at 90GHz with a 
FWHM bandwidth of 8GHz. An open-ended microstrip stub in 
parallel wuh a single junction, gives minimum mixer noise 
temperatures of 150 and 200K iDSB) near 90 and 180GHz with 
FWHM bandwidths of 4 and 3GHz respecavely. The relatively high 
mixer noise temperatures compared to chose of waveguide SIS 
mixers in a similar frequency range are attributed mainly to the losses 
tn our optical system, which is being improved. 

[. Introduction 

SIS receivers us ;ng planar antennas ihd qiiasioptical coupling 
schemes have shown good performances at millimeter and 
submillimeter wavelengths.' " 4 Advantages over waveguide mixers 
include ease of construction at high frequencies and broad 
instantaneous bandwidth. One of the major problems encountered at 
near millimeter and submillimeter frequencies is the capftciiive 
roil-off. which can significantly decrease the RF coupling efficiency 
of the mixer. In a waveguide mixer, this capacitance can be tuned out 
by the backshort or other mechanical adjustment. However, in 
ouas.optical mixers, we must either fabricate high current density, 
>maH area <«lum»> junctions so that the capacitance does not 
nominate the RF coupling, or use a lithographed lnducove element to 
resonate the capacitance at the signal frequency.—* The tint 
approach requires difficult microfabneanon techniques that are not 
widely available. The use of an inductive tuning element relaxes the 
requirement on junction size and current density. It will be especially 
useful for all-refractory metal junctions, which are normally made 
Mitri relatively large areas by the window-junction technique. 

We have tested two types of integrated tuning element One is an 
.nductive wire m parallel wuh a 5-juncnon array; the other is a 
microsmn stub with an inducnve admittance at the desired frequency. 
The preliminary results snow that the SIS junctions wiih tuning 
elements exnibit well developed photon-assisted-tunneling steps up to 
"'lOGHz wnen pumped near their resonant frequencies. Very good 
•rjxer pertormance is obtained up to 200GHz. 

II. Design and testing of tuning Hermmt 

The mixer svsiem can be represented by the simplified euuivalem 
.j-cuu >r.own in Fii:. I. The RF input is represented by an RF current 
source :n parallel -vith me untenna impedance. For our 
-e if-complementary planar antennas, this impedance is 120Q at all 
tretiucncies.0 The junction capacitance, lead inductance, and the 
"jninc eiement are represented by C L(_. and X. The nonlinear 
.:uasinamcie tunneling is represented by us RF resistance R f F . which 
.;epenas on me LO pump and DC bias. It is usually in the ranee of 
Rsy2£RoF^R^. where R* is the normal state resistance of the 
jncnon. rhe conversion gain and noise temperature of a mixer are 

' '"onmouaon oi the U.S. government, not subject to copyright. 
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very complicated functions of the imbedding admittance, which 
includes the junction capacitance, the tuning element, and the antenna 
admittance. To a rough approximation, the mixer gain is proportional 
to die RF coupling coefficient Cup. which is givenby 

where Y^ is the antenna admittance, and Yj is the admittance of the 
right side of Fig. 1. 

"4 > 
:k 

Fig. 1 Equivalent circuit of quasioptical SIS mixers. The signal at 
the terminals of the planar antenna is represented by ihe current 
generator i, and the resistance R A . The pumped junction is 
represented by the nonlinear resistance R*p and the geometrical 
capacitance C, die leads to the juncnon by the inductance L]_ and the 
tuning element by die reactance X. 

The NrVNbO,/Pb-[n-Au junctions used in this study are limited 
by fabrication techniques to a 1.7x 1.7um* area, so that C*380fF. 
Without tuning elements. Eq. t i l predicts a very poor coupling 
coefficient of • I ldfl at 100GHz. and very poor mixer performance.-
This performance can be improved by the use of an integrated limine 
dement. 

The first type of tuning element is the inductive wire shown in 
Fig. 2(a). One' end of the inductive wire is conneted to the junction 
array through a 10-ii.m wide, open-ended quarter-wavelength 
microsmp stub, which provides an RF short and DC isolation. For 
junctions with large aiRC and short leads< that is. for 
RnF>xL(yO ! / = , the resonant frequency is given by.-

t>I /2 .T |CiLw-L L i ] ' ' 2) 

where L w and L L are the inductances of the wire and the leads. F"om 
our estimated parameters, the resonant frequency is ! 00GHz. 

The second type of tuning element, an open-ended microsmp 
*tub. is shown in Fig. 2(b). For a singie tuncnon. the lead inductance 
L L can oe neglected, so the resonance conamon is given 3 hy 

td^CZ, - tan ito.1 .) 
where Z^ is the characteristic impedance, v is the phase velocity, and 
/ is the length of the stub. Itt contrast to <2). Eq. i J) predicts an 
infinite numoer of resonances. The dimensions of the stuo are chosen 
that ID,CZ,=1 to obtain the broadest bandwidth. 

We have measured the frequency characteristics of ihc tuning 
elements by using an SIS juncnon connected to the nining element as 
the direct detector for a Fourier transform spectrometer. •" The 
agreement between the measured results ana the computations based 
on the equivalent circuit of Fig. 1 is excellent, both for me resonant 
:'requency and the bandwidth. The frequency aepenaence of the 9^ 
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Fig. 2 Diagrams ot SIS junctions with tuning elements: (a) 
Five-junction array with inductive tuning wire, (b) Single juncnon 
with open-ended microsmp stub, ICI Single junction with RF 
.noned-end microstnp stub. 

nonnal in the E-plane.9 The SIS junction or junction arrav and lis 
integrated tuning element ate located at the center of the antenna. 

,9jf ^ s ! ' s l e n l includes a transformer^ with center frequency at 
, ? I S v J 5 y ^ n d l*°iu°t- and an IF amplifier beginnine wiih a 

cold HEMT (high electron mobility transistor! in the first state. The 
overall noise temperature of the IF svstem including the isolator is 
typically 6K at I.3GHz measured with an IF hot/cold load.-

S*e» un «nd r^i-
.0 

-EMT 
Amo 'C 3u!0ul 
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mixer gain is essentially the same as that of the counting coefficient 
C, F . This indicates that the operating frequency and the bandwidth of 
the quasioptical mixer are determined mainly by the frequency 
characteristics of the tuning element. For the open-ended smb. a 
small amount of lost and dispersion has to be introduced in the 
calculation to fit the experimental result. The effects of the loss and 
the disperocfl become nooceebk only when t"2 200GHt' 

The inductive wire his die advantage of broader bandwidth than 
that of the open-ended stub. Because of its high lend indnftanrr. 
however, it is impossible to use it for frequencies above iSOGHz for 
our values of juncdon capacitance. The open-ended stub has 
narrower bandwidth because its impedance varies rapidly with 
frequency. However, it can be used up to 400 GHz for our junctions. 
An alternative stub configuration which is RF shooed at the end as 
shown in Fig. 2(c) has been suggesaaR Its bandwiddi is expected to 
be twice that of an open-ended stub and it is expected to be useful 
up to 300CHz for our junctions. The fabrication of such shoned-end 
stubs is in progress. 

DX Mixer lesnnf ^pp—«"« 

The mixer test apparatus, which is shown in Fig. 3, allows us to 
make measurements of the mixer noise temperature in addition lo the 
receiver noise temperature. The LO and die signal from the RF 
not/cold load are combined by a 0.075mm Mylar beamsplitter, which 
has 97<^ cransmiitance at 90GHz. The combined LO and signal are 
locused by an f/1 off-axis panboioidal minor onto the window of the 
.ryostat. The vacuum window for the cryostat is a 0.02 nun 
polypropylene film. A 12.7 mm-diameter. 0.83mm quartz window, 
.vnich absorbs most oi the thermal radiation in the infrared range and 
ias almost 100% transmission at muluplcs of 90GHz. is attached to 
:ne liquid nitrogen cooled radiauon shield. The LO and the signal 
inside the cryostat ate focused by an on*axis ellipsoidal minor onto a 
hemispherical quartz lens. The edge of the minor is 50° from the 
lormal of the antenna plane. The hemispherical quartz lens provides 
heat sink for the mixer as well as a dielectric half-space through 
which the planar antenna couples most efficiently to the input 
radiation.0 The planar antenna is located on the fiat side of the 
hemispherical lens. 

We have used the circular-toothed log-periodic antenna shown 
;n Fig. 4. Both the tooth angle and the bow angle are 43°. and the 
rano ot' the radii of the adjacent teeth is 2. The choice of die angle and 
the ratio is a compromise between antenna beam width and cross 
polarization.'''' This antenna is designed to be operated from 20 
GHz to 500 GHz. The self-complementary antenna shown in Fig. 4 
has a real and frequency independent impedance.0 For quartz, with c 
s vS3. the antenna impedance is 120Q. The log-periodic antenna has 
i mucn better antenna .pattern^*'l than (hat of bow-ae antenna used 
.n tne previous work.- which has its main lobes o0* away from the 

Fig. 3 Quasioptical SIS receiver testing apparatus. 

Care has been taken to ensure that the SIS junction and the 
antenna are well heat sunk to the cold plate through the quartz 
henitn^nerical leits and its copper suppotx. and the heat tlow through 
the leads to the junction is minimized. We have measured the 
temperature at the center of the antenna by using a miniature doped 
Ge thermometer. For a I.SK oath temperature, it is 2.SK when the 
IF amplifier is on and 2.6 K when the IF amplifier is off. 

We have studied the effect of temperature on the mixer 
nerformance. One of the SIS mixers has a mixer noise temperature of 
133 KfDSB). and a coupled mixer gain of -3.9 dB (DSB) when the 
helium bath temperature is l.SK. The same muter has a mixer noise 
temperanire of 133 KIDSB). and a coupled mixer gain of -6.5 dB 

W 

Fig. 4 Circular-tooth log-periodic aruenna. 



iDSBl when ihe bath temperature is 4.2K. Although the gain of the 
warmer mixer is significantly less, the mixer noise temperatures are 
almost idenncai. This evidence suggests that the warmer physical 
temperature of our quasiopucal iiuxer compared to that of the 
waveeuuie mixer tested previously" is not responsible for the higher 
mixer noise temperature of the quasiopncal mixer. Because of the 
decrease in mixer earn, however, the receiver noise temperature 
increases from I50K for a l.SK bath temperature to 174K for a 4.2K 
bath temperature. 

IV. RwiilK.-inririimKrinn 

The Nb/NbO,/Pb-In-Au window junctions with planar antenna 
and tunine elements used in this work were made at National Bureau 
of Standards at Boulder. The current densities vary from 400 to 
1000A/cm- The junctions can be thermally cycled many times 
without changing their characteristics as long as they are kept free 
from moisture. The microstnp stub is made from a Pb-In-Au film 
separated by a 300nm SiO layer from the Nb base electrode. 

All the measured mixer noise temperatures and mixer gains are 
referred to the RF hot/cold load. No correction for optical tones U 
made. All the mixer measurements were performed in the 
double-sideband i DSB) mode. The accuracy of the measured noise 
temDerature is rlOK. 

Saturation is not very important at frequencies higher than 
kl0GHz. Assuming an IF bandwidth of 2GHz. IF load resistance of 
,:0OQ. and mixer"gam of 0.5. the hoi load temperature required to 
produce IdB of gain compression is 750K at 90GHz for a single 
unction and 1.9xl0 4K for a 5-juncnon array. 1- Tne saturation 

power is proportional to the square of the operating frequency. 

Five 'unennn array with inductive wire 
Our best mixer performance at 90GHz is obtained from a 

:ive-juncnon arrav with an mducuve wire. The total resistance of the 
arrav is 370Q. Since the lead inductance L L acts like a transformer. 
this resistance gives a real part of Y, about 120Q at the resonant 
frequency. This Re(Y,) is well matched to the impedance of the 
planar antenna. The lowest mixer noise temperarure is 115K at 
^7GHz. and the coupled gain is -3.4dB. The FWHM bandwidth of 
the coupled mixer gain is 8GHz. This result is marginally <10*> 
better than that of an SIS array mixer with a bow-tie antenna 
measured with the same test apparatus.- Using a '-•simian beam 
pattern approximation, we estimate that the obtcuraoon Ion from the 
hemispherical lens is about 3dB for the narrow antenna pattern of die 
log-periodic antenna compared jn that of 0.8dB for the much wider 
pattern of the bow-tie antenna.- Our quasioencal system has been 
improved bv replacing the on-axis ellipsoidal mirror with an off-axis 
ellipsoidal mirror. The comparison tests between the two systems 
are yet to be made. 

Single iunr~nn wiih micnKmn stub 
We have tested mixers with a single junction and rmcrosmp stub 

which has resonant frequencies close to 90.180. 270. and 360GHz. 
\t 90GHz. we used a stub with the same dimensions used 

rireviously in bow-ue antenna mixers.- TTie besi mixer performance 
•, ontainea from i junction with 250(2 normal resistance. The mixer 

-,oise temperature is ISOKandthe coupled mixer gain is-6.5dBat 
: 03GHz. The FWHM bandwidth of the coupled gain is about 4GHz. 
team, this result is within .10% of that obtained from a similar 

-ruxcr with a oow-ae antenna.-
iince me microstno stub has muluple resonances, we have made 

-mxer tests arounq 1 SOGHz tor a stub designed for 90GHz. The 
•-sun is ratner complicated because the frequency doubler produces 
~otn secona jna inird harmonics. Since our mixer nas resonances at 
-c muiuuies ot 90GHz. we observed steps associated with pumps at 
.-ither 2- 90GHz or 3 «9<)GHz or at both frequencies. The mixing of 
-icse two frequencies also produces steps corresponoing to 90GHz. 

A mixer noise temperature of 250K and a coupled fain of -8.7dB 
were obtained when the doubler was pumped at 91GHz. However. 
-nice the width of the step ai which the measurements were done 
.orresponoed to 90GHz. we do not know whether the mixer results 
ire from 91GHz mixing or IS2GHz mixing or a combination of 
^oth. 

To avoid this complication, we have designed and fabricated 
IUDS wnose fundamental resonant frequency is 180GHz. The next 

-esonance at aoout 4l)0GHz is rjcyond the range of our frequency 
:ouDler. 

Fie. 5 i a) 1-V curves of a pumped (solid linei and unpumped 
i dished linei junction, (b) IF power as a function of dc bias voltage. 
The too curve is for the hot (300K) and the bottom curve is for the 
cold (77K) load. 

Fig. 5 shows a pumped I-V curve for a single junction with a 
stub designed for 180GHz. The juncuon resistance is 6417. and the 
leakage current is 3.5uA at 2.5mV. The first step has a positive 
slope of about 200Q. At mis frequency 1178.5GHz). the conenbuoon 
to the noise from the Josephson effect is small on the first step. 
Applying a magnetic field does not improve the mixer performance 
nooccabiv. 

In Fig. 6. we plot the receiver noise temperature, miller noise 
temperature, coupled mixer gain, and available mixer gain as 
functions of the LO frequency. The lowest muter noise leroperarure is 
200K at 176GHz and the receiver noise temperature is 250K. The 
best coupled gain of -4.5dB occurs at the same frequency. The 
FWHM band width of the coupled gain is about 3GHz. 

Systematic behavior is apparent in Fig. 6 as is often seen in 
double sideband SIS mixers wiih parallel resonant RF coupling. At 
the optimum frequency where noise is a minimum and gain a 
maximum, ihedvnasmc resistance is posiuve and much larger than R, 
tin this case 200Q). At higher frequencies ihe dynamic resistance 
decreases rapidly and so does ihe gain. The mixer noise temperature 
increases only slowly. The rapid rise in receiver noise temperature is 
mainly due to the fall in gain. At lower frequencies, the dynamic 
resistance becomes very large, and even negative i between 168 and 
I74GHz in mis easel. We "must over-pump the junction to avoid 
instability in this region. The gun is low and both the mixer and the 
receiver noise temperature increase raoidly. 

Negative steps at a few GHz below me optimum frequency have 
been observed in all the junctions that snowed good mixer 
penormanee, including the junction array with induenve wire. In our 
experiments, we have used this negative step as a guide for finding 
the operating frequency. Our numerical simuiaaons have shown that 
:n the frequency range slichdy below the resonant frequency, the 
impedance match of the inductive imbedding impedance with the 
nonlinear quantum reactance causes nccaave steps.' 3 

The mixer performance seems to be very sensitive to leakage 
-urrent in the juncuon even at this hign treauency. where the width ot 
the photon-assisted-runneiing step is mucn larger than tne nonlinear 
voltace scale of the I-V curve. Another junction wuh similar normal 
resistance to that of the one described above, but with a leakage 
jurrent of 8uA ai 2.5mV compared 10 J.SuA tor the junction 
described above, gives a much higher mixer noise temperature of 
580K and much lower coupled jam ot -!4.5dB at us optimum 
frequency of 172GHz. This resuii is quite different from our 
Jbservations at 90GHz. where T , .:, increased only slightly by an 
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increase in bath temperature, even though the leakage current .Mid the 
jumm onset at i i degrade significantly at warmer bun tempcfkaire. 
This observation suggests the possibility os some effect that anenuaae 
the signal at hif h frequencies. 

We have also measured the performance of mixers with stubs 
-esisned for 270GHz and 360GHz. The pumped 1-V curves showed 
.veil developed steps: some of the junctions even showed negative 
-teps. From trie shape and height of the steps, we deduce the coupled 
LO power, which indicates that there is a resonant frequency. 
However, me mixer performance is very poor. The mixer noise 
temperature is higher than 2000K at 270GHz and even worse at 
:60GHz. The IF output power of the mixer for both RF hot and cold 
o n is very low. only 2-3 times higher than that of die shot noise 
hackgrouna. This suggests that the high mixer noise temperature 
joes "not arise because of some exrra noise in the mixer but because 
•n some attenuauon of the RF signal which is occurring at low 
temperature. One possibility is the loss in the stub, which should 
increase as me sduare of the frequency. The effect of a lossy stub is 
Xing invesu&ited. 

fable 1 summarizes ihe best performance of our quasiopncai SIS 
Tuxers. 

Table 1 

t-reuuencv ranee "0GHz 130GHz 270GHz 360GH 

- unctionarrav T^i lSK 
*im tuning wire Gt*-3.4dB 

.if - 10GHz 

V. Cnwlinion 

We have demonstrated that SIS junctions with a large uRC 
product O10) can be used in an open structure heterodyne receiver. 
With an integrated tuning element, the mixer nves sood nenormance 
(Tm<2O0KS up to 200GHz. With improved RF optics, we expect to 
achieve better results. At higher frequencies, the mixer performance 
has been poor due to low temperature losses which are under 
invesngaaon. 
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