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Abstract very ¢ plicated fi of the imbedding ad which
des the ce. the tuming el and the antenna

We have tested the performance of planar 5IS mixers with
iog-penodic antennas at near millimeter and submillimeter wave
“requencies trorm 90 to 360 GHz. The large WRyC product (~10 at 90
GHz.) of our Nb/NbO,/Pb-In-Au junctions requires an integrated
inductive wmng elcmem to resonate the juncton capacitance at the
operaung frequencies. We have used two tvpes of integrated runing
clement. which were designed with the aid of measurements using a
Founer mansform specoometer. Preliminary resulis indicate that the
umng clements can give very good mixer perfonmance up to at least
200GHz. An inducve wire in parailel with a 5-junction amay gives a
minimum mixer noise temperature of 115K (DSB) at 90GHz with a
FWHM bandwidth of 8GHz. An open-ended microstrip swb in
parailel with a single gives miXer noise
:emperatures of 150 and 200K (DSB) near 90 and 180GHz with
FWHM bandwidths of 4 and 3GHz respecavely. The relatively high
muxer noise temperatures compared to those of waveguide SIS
muxers n 2 sumular frequency range are atribured mawnly to the losses
in qur opucal svstem, which is being improved.

I. lnreduction

SIS receivers us ng planar and jopti

schemes have shown goYd penormances at m:lllmeler and
submil over mixers
include ease of construcuon at hub l‘mqucncxes and broad
instantaneous bandwidth. One of the major problems encounsered at
near millimeter and subrrulhruercr frequencies is the capsciive
roil-off, which can ficanty the pling etficiency
of the mxer. Ina de muxer, this cap can be runed out
by the backshort or other mechanical adjusiment. Howcv:r in
Luns.opm:al muxers. we must either I high

smail area (<<lum?) juncuions so that the capmunce does not
<omunate the RF coupling, or use a lithographed inducny v%eletm w0
resonate the capacitance at the signal frequency.~-2 The first
spproach requures difficult microtabricanon techniques thar are not
widely available, The use of an inductive tumng clement refaxes the
requirement on juncaon size and cwrent densicy. [t will be especially
usetut for all-retractory mewl juncuons. which are normaily made
‘with reianvely large areac by the window-runction rechruque,

We have tested 1wo tvpes of integrated tuning element. One is an
.Aducuve wire 1 parallel with a 5-juncuon amay; the other 1s a
Tucrosmp stub with an inductive admartance at the deswred frequency.
The pretirunarv resuits snow that the SIS junctions with tuning
<iements exmbit well developed photon-assisted-tunneting steps up 10
*A)GHz wnen pumped near thew resonant frequencies. Very good

-~wuxer pertormance :s abtuned up to 200GHz

1I. Design and testing of uoung slements

The rmuxer svstemn can be reoresented by the simpiified ecuivalent
.scuit seown n Fiao | The RF input is represented by an RF current
seurce i1 paraiet with tne antenna :mpedance. For our

~eif-C v planar this img s 1200 atall
‘recuencies.? The juncuion capacttance. lead inductance. and the
‘uning ¢iement are reprcsem:d by C. Ly. and X. The noniinear
ie by s RF Ruf. which

.:epengs on tne LO pump :md DC bias. It is usually in the range of

R.,,::R.:;:Rq. where Ry 15 the normal state resistance of the
unction. (e conversion gan and noise temperature of a muxer are

- unmouson ot the LS. 'ovzmm:m not subject to copvright.
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admittance. To 2 muzh approximarion. the mxer gain 1 propornonal
to the RF coupling coetficient Crg. wmch is gven by

Cy™ [Y\ Y,'l

-Y,
where Y, is the antenna ad.mm:mcc and YJ 15 the admutiance of the

right side of Fig. 1.
S iRRF [ X
g L
E prical SIS muxers. The signal at

Fig. 1 Eq circuit of q

the terminals of the planar 15 d by the

"enenmr l, and the resistance R,. The pumped junction 1s
d by the li res| F and the geometncal

C:lp:nunoe C. the leads 1o the juncuan by the inductance L) and the

runing element by the reactance X.

18}

The NW/NbO,/Pb-In-Au junctions used in this study are limited
by fabricanon mcmuquet ©a 1.7x1.7ume< area, so that C=380fF.
Without runing elements. Eq. (1) predicts a very poor coupling
coetficient of -11dB at 100GHz. and very poor muxer performance.~
This performance can be improved by the use of an integratea tuning
ejement.

The first tvpe of tuning eiement ts the inducave wire shown 1n
Fig. 2(a). One end of the inductive wire 1s conneted to the yunction
aray through a 10-um wide. open-ended quarter-waveiength
mcrosmp stub, which provides an RF shor and DC isoiauon. For
juncuions with large @RC snd short leads, thar s, for
Rpp>>tLy/CHA, the resonant trequency is given by.~

=1/2x [CiLy - L]t i)
where Ly and L, are the inductances of the wire and the ieads. From
our ther vis 100GHz

The second tvpe of uning element. an open-ended mucrosmp
stub, :s shown 1n Fig. 2(b). For a sineie | the lead
L, can oe negl 50 the 1s @vend hy

w,CZ, ~uan i@y V=1 H
where Z,, 15 the charactenisuc umpedance. v 15 the phase velociry. and
{ 1s the length of the stub. In conmast to t2). Eq. t3) preaicts an
nfinite numoer of resonances. The dunensions of the stub are chosen
that w,CZ,=1 1o obtain the broadest bandwidth.

We have measured the frequency charactensucs of the wning
clements by using ar SIS juncnon connected to the ung eiement as
the direct detector tor a Founer transtorm spectrometer.: The
ig between the results and the computauons ovased
on the equivalent circust of Fig. 1 1s excellent. both for the resonant

‘requency and the bandwidth. The frequency uependence or the 9
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Fig. 2 Diagrams of SIS juncuons with wmng elements:  1a)
Five-juncaon array with inductive tuning wire. (b) Single juncuon
with open-ended microsmp stub. (<) Sinele junction with RF
\norted-¢nd microsmp stub.

uxer gain ts essennally the same as that of the coupling coefficient
Cpg- This indi that the op g trequency the bandwidth of
the quasiopuical mixer are determined mainly by the frequency
charactensncs of the waing element. For the open-ended stub. a

small amount of loss and disp has to be 1 d in the
calculauon to fit the experimental result. The effects of the loss and
the dispersion become noucssbie only whea {2 200G

The inductive wire has the ad of broader bandwidch than

that of the open-ended siub. Because of its high lead inductance,
however. 1t is impossible 10 use it for freguencies sbove 150GHz for
our vaiues of j ion cap The op ded srub has
narrower bandwidth b its imped varies rapidly with
frequency. However. it can be used up to 400 GHz for our jusctions.
An aiternanve stub configuration which is RF shorsed at the end as
shown in Fig, 2(c) has been suggeswed?. {ts bandwidh it expecwd w
be twice that of an open-ended stub and it is expeciad to be useful
up to 300GHz for our junctons. The fabrication of such shorted-end

stubs 1s In progress.
OL Mixeriesnng Jopacanis

The ruxer test apparatus. which is shown in Fig. 3, allows us w0
make measurements of the ouxer notse 1n addition 10 the
receiver noise temperature. The LO and the signal from the RF
hot/cold load are combined by 2 0.075mm Mylar icver, which
has 97% gansmuuance at Y0GHz. The combined LO and signal are
focused by an t/] off-aus parabolowdal murroe onto the window of the
Jrvostat. The vacuum window for the crvostat is a 0.02 mm
solypropyiene film. A 12.7 mm-diameter. 0.83mm quartz window,
nuch absorbs most of the th | radiation 1n the infrared range and
1as wmost 100% wransmussion at multples of 90GHz, 15 antached 1o
:ne liguid nirogen cooled radiauon shield The LO and the signal
:nside the cryostat are 1t d by an s eili dal rmrror onwo a
hermusphencal quartz iens. The edge of the murror ts 50° from the
sormal of the antenna plane. The hemuspherical quanz lens provides
heat sink for the muxer as well as a dielectric half-space through
which the planar ples most etficiently to the input
radiauon.9 The ptanar antenna 15 located on the tlat side of the
hermisphencald lens.

We have used the circular-toothed log-periodic ansenna shown
in Fig. 4. Both the 100th angle and the bow angle are 45°, and the
rano of the radii of the adjacent teeth 15 2. The chosce of the angie and
the raoo s 2 p! between beam wadth and cross
solanzation.”- 1 "This antenna ts destgned to be operated from 20
GHz 10 500 GHz. The self-compiementary antenna shown in Fig. 4
nas a real and frequency independent :mpedance.® For quartz. with &,
= 1.83, the ansenna impedance xT 12002 The log-penodic anwenna has
1 mucn betwer :mennlpmem"' L than that of bow-oe anwenna used
5 ne previous wori,~ which has 1s main lobes 00 away trom the

normal in the E-plane. The SIS junction or juncuon array and us
integraced fning element are tocated at the center of the antenna.

Qur [F system includes a mansformer< with center frequency at
1.3GHz. an L-band isolator. and an IF amplifier beginning with a
cold HEMT (high elecron mobility ransisior) in the first stage. The

overall noise ture of the IF svstem including the 1
> v solator 15
typically 6K ar 1.3GHz d with an IF hovcol !loadF
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Fig.3 Q | SIS tesnng

Care has been taken to ensure that the SIS juncnion and the
antenna are well heat sunk to the coid plate through the quarz

i ical lens and its copper support. and the heat flow through
the leads to the junctiom is minimized. We have measured the
temperature at the censer of the anwenns by using a ministure doped
Ge thermomestr. For a 1.3K bath temperature, it is 2.8K when the
IF amplifier is on and 2.6 K when the IF amplifier is off.

We have studied the effest of temperature on the mixer
performance. One of the SIS mixers has a mixer noise temperarure of
133 K(DSB), and a coupled mixer gan of -3.9 dB (DSB) when the
helium bath temperature is 1.3K. The same mixer has a muxer nose
temperature of 132 K (DSB). and a coupled muxer gaun or -6.5 dB

Fig. 4  Circular-tooth log-penodic antenna.



tDSB) when the bath D is +.2K. Although the gain of the
warmer muxer 1s significandy less. the mixer noise temperatures are
1imost denacal. This evidence suggests that the warmer physical
d to that of the

temper:ture of our g ptical mixer pare
waveguide muxer tested prevxouslys is not responsible for the higher
fTuXer noise of the g pucal mixer. B ot the

decrease 1n rmuxer gain, however. the receiver noise temperature
increases trom 50K for a 1.8K bath temperarure to 174K for a 4.2K
bath temperarure.

[V. Results and discussion

The Nb/NbO,/Pb-In-Au window junctions with planar antenna
and mning elements used in this work were made at Narionai Buresu
of Standards ar Boulder. The current densities vary trom 400 to
1000A/cms. The junctions can be thermally cycled many times
vathout changing their charactentstics as long as they are kept free
from moisture. The mucrostp swbd is made from a Pb-In-Au film
separated by a 300nm $iO layer from the Nb base electode.

All the measured mixer noise temperatures and mixer gains are
referred to the RF hot/cold load. No correcuon for optical losses is
made. All the mixer measurements were performed in the
Jouble-sideband (DSB) mode. The accuracy of the measured noise
:emperarure s =10K.

Saturation 15 not very important At {requencies higher than
A0GHz Assumung an [F bandwidth of 2GHz. IF load resistance of
100Q. and muxer gain of 0.5. the hot load temperature requured to
sroduce 1dB of gain compression is 750K at 9OGHz for a single
_unction and  1.9x10%K for a 3-juncuon amay.'~ The sawraton
power 15 proportional to the square of the operaang trequency.

Five i W
Qur best mixer pertormance at YOGHz is obtained from a
‘ive-junction array with an iducve wire. The total resistance of the
amay is 37000 Since the lead inductance Ly acts like a ansformer.
this resistance  gives a real part of Y; about 12082 at the resonant
frequency. This Re(Y) is well matched to the impedance of the
clapar antenna. The lowest muxer noise emperature 15 115K at
FWHM baadwidth of

LPA 6-6
5°]"smgu junction
i with 0.19 mm stud

fLo = 1785 GHz
To = 250K
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Fig. 5 (1) I-V curves of a pumped (solid line; and unpumped

(dashed line) juncoon. (b) [F power as a function or dc bias voluage.
The too curve ts for the hot (300K) and the bortom curve is for the

cold (77K) load.

Fig. S shows a pumped [-V curve for 2 single junction with a
stub designed for 180GHz. The junction resistance 1s 6462, and the
leakage current is 3.52A at 2.5mV. The first step has a positive
slope of about 20002, At this frequency (1 78.5GHz). the comribution
10 the noise from the Josephson effect s small on the first step.
Applying 2 magnetic ficld does not improve the mixer performance

$7GHz. and the coupled gain 1s -3.3dB. The
the coupied muxer gain is 8GHz. This result is marginally (10%)

in Fx; 6, we plot the receiver noise IETRPETIIUCE, MIXET NOWSE
led mixer gain. and avalable mixer gain as

better than that of an SIS array mixer with a bow-te
measured with the same test apparatus.< Using & Trussian beamn
partern approximaton. we esnmate that the obscuragon loss from the
hermusphencal lens 15 about 3dB for the narrow antenna parern of the
log-penodic antenna compared o that of 0.8dB for the much wider
pattern of the bow-ue antenna.~ Our quasioptical sysiem has been
mproved by repiacing the on-axis ellipsosdal mirror with am off-axis

functions of the LO frequency. The lowest mixer noise sempersoure 1s
200K at 176GHz and the receiver nose temperature is 250K. The
best coupled gain of -4.5dB occurs at the same frequency. The
FWHM bsndwidth of the coupled gain is about IGHz.

Sysiematic behavior is apparent in Fig. 6 as is often scen n
double sudeband SIS mixers with parailel RF coupling. At
the i freq v where noise 15 3 mimmum and gain a

eilipsoidal murror. The tests b the two
Jre vet to be made.

o 3

¥

maximum. the dynamic restsiance 1s posiave and much larger than R,
tin this case 200Q). At higher trequencies the avramuc resistance
decreases rapidly and so does the gun. The muxer no1se temperature
only slowly. The rapid nis¢ 1n receiver noise temperacure 1s

We nave tested mzxers with a single juaca 3 p stub
-which has resonant frequencies close o 90, 180, 270. and 360GHz.
At YOGHz. we used a stb with the same dimensions used
oreviously 1n bow-nie antenna rmuxers.~ The best muxer performance
.» obtaunea from 3 junction with 250£2 normal resistance. The muxer
~otse temperature is | SOK and the coupied muxer gun is -6.5dB at
:)3GHz. The FWHM bandwidth of the coupled gaun 15 about 3GHz.
Agan. this resuit 1s within J0% of that obtained from a simlar

-uxer with 3 sow-ae antenna.-

since me 10 stub has ler we have made
-nyxer tests around 18GGHz tor a stub designed for YOGHz. The
-25ull 15 ratner i b the i v

mainly due to the fall in gain. At lower trequencies. the dynamuc
resistance becomes very large, and even neganve (between 168 and
174GHz in this case). We must over-pump the juncuon o avoid
instabslity tn this region. The gan ts low and both the muxer and the
fECeIver noise 1emperacure increase raoidly.
Neganve steps at a few GHz below the opnmum frequency have
been observed in all the juncnions that snowed good mixer
{ luding the 3 array with inductive wire, [n our
expenments, we have used this neganve step as a guide for finding
the operanng frequency. Qur numencal sumuiauons have shown that
in the trequency range slightly below the resonant frequency. the
ped: match of the inducnive imbedding :mpedance with the

~0tn secona ana third harmonics. 3ince our muxet has 1 at
-ne muttpies of WGHz. we observed steps associated with pumps at
sisher 2e90GHz or 3«MIGHz or at both frequencies. The muxing of
nese two reguencics aiso produces steps comresponding to Y0GHz

A muxer noise remperature of 250K and a coupled gun of -8.7dB
were ob d when the doubler was pumped at 91GHz. However,
nce the width of the step a1 which the measuremenis were done
cofresponaed to H)GHz. we do not know whether the mixer results
¢ from $1GHz mixing or {82GHz mixing or a combrnation of
~oth.

i quantum € CIuses Neganve Seps.

The muxer performance scems (0 be very sensitive 10 leakage
current 1n the junction even at thus hign freauency. where the width ot
the photon-assisted-tunneling step 15 much larger than the nonlinear
voitage scale of the [-V curve. Another juncion with simiiar normal
resistance 1o that of the onc descnbed above. but with a leakage
current of SHA 11 2.5mV compared 10 3.5WA for the junction
described above, gives a much higner muxer noise temperature of
380K and much lower coupied gain or -14.5dB at its opumum
‘req v of 172GHz. This result ts uuite different from our

To avoid this complication. we have designed and fab
1ubs wnose fundameniat resonant frequency 1s 180GHz. The next
~esonance at aoout $IXMGHz 1s pevond the range of our trequency
:oupler.

sbservanions at YOGHz. where T, .» increasea omy shightly by an
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1n bath even though the leakage current nd the

current onset at 2\ degrade significantly at warmer bath temperaiure,
Thus observation suggests the possibility os some effect that anenuase
the signal a1 hugh frequencies.

We have aiso measured the performance of mixers with stubs
Zesigned for 270GHz and 360GHz. The pumped I-V curves showed
~eil deveioped steps: some of the even gl

V. Conclusion

We have demonstrated that SIS junctions with a large @RC
product (>10) can be used in an open swructure heteradyne receiver.
With an tntegrated wning clement, the muxer Qives good performance

(T,,<200K) up ro 200GHz. With improved RF opucs. we expsct 10
achxcve better results. At higher frequencies. the ruxer pertormance
has been poor due to low temperature losses which are under
invesnganon.
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