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We have made accurate messurements of the noise and gain of

(SIS) mixers
:mploymg small area (lum?) Tall'azo_cﬁ’bogs unnel junctions.
We have measured an added mixer noise of 0.61 +/- 031 quanta at
95.0 GHz, which is within 25 percent of the quantum Timit of 0.5
quanta. We have carried out a d
theoretical predictions of the quantum theory of mixing and
experimentally measured noise and gain, We uscd the shapes of I-V
cutves pumped at the upper and lower sideband frequencies o
ceduce values of the embedding admittances at these frequencics.
Using these adminances, me mixer noise and gain predicted by
quantum theory are in with exp
Introduction
Heterodyne receivers which use the nonlinear quasiparticle
currents in SIS tunnel junctions have been shown to provide the
lowest noise over a broad range of the millimeter and sub-millimeter
clectromagnetic spectrum}+2  However, even the best of the
receivers have fallen shore of the perf which is predicted by

the theory of quantum mnurl;?-’ Because of the lack of dewiled
comparisons between experimental and l.h:orenc:l perfmnmce. i

0 Limi
The quantum limit for noise in linear amplifiers has been

discussed by many authors. The general theoretical treatment by

Caves? shows that any narow-bandwidth phase-preserving linear

lmphﬁu-mmaddmmonpecnl lyrefmedndumputof
-1

Sy 211-Gyl fav2, )

where Gpis the photon numtnr gain, and © is the angular frequency
of the signal. An SIS mirer operated in the weak signal limit is
linear, pms phase, and amplifies photon number. Thercfore,
the sbove quantum limit applies. Since an SIS mullnnnalwlys
operates in the regime of large photon number gain, the quantum
limit reduces 0

Sy 2 Sz, @

Tucka'eompuwmnouemanSlS mixer thag arises from

f ions in the guasi ling current.3 This noise has

the minimum value of Sw/2 fora smglc-s:deband (SSB) mixer and
zero for a symmetric double-sideband (DSB) mixer. This theory is

incomplete in that it trears the radiation as a classical field Wengler

and Woodys extended the Tucker theory to the case of quantized

di fields. They showed that the additional noise that arises

has been unclear whether the di y d and
is due 1o difficulties in ling the signal to
the mixer. or problems with the theory.
Several authors have made quantitative comparisons of SIS
mixer perform:mr:e with lheory Feldman et al.% obrained good
with th ions of mixer gain at 115 GHz
usmg beddi dmi d from a scaled model.
However, they were not able 1o measure mixer noise accurately
enough for a comparison with theory. McGrath et al.> made an
extensive comparison between theory and experiment ncar 36 GHz.
They concluded that the theory overestimates the gain, and
underestimated the nolsc by a significant amount. They did not
the b involved in the actoal
experiment, and therefore could only compare expenmcmal
performance with that predicted with the
d for best perft The range of allowabie embedding
admittance for this work were determined from a scaled model
In this work and more bricfly in the letter that preceded it®
we perform a detatled analysis of the performance of high quality,
small area (1.0 x 1.0 micron) Ta/Ta:0+/PbBi tunnet junctions used
as quasiparnticle mixers near 90 GHz. We compare lheoreuc:l and
cxpcnmcmal pumped 1-V curves to deduce

from the quantization of the radiation field is B2 fora SSB mixer,
and fw for a DSB mixer. When we add these uncorrelated
contributions to the noisc, the minimum noise of an SIS mixer is fin
for an arbitrary image termination. In this paper, we choasc to
consider the vacuum fluctuations incident on the mixer, as calculated
by Wengler and Woody, part of the signal. This convention does
not "blame"” the mixer for fluctuations that were already present in
the incoming signal. Thus, the

. Expressed in units of quanta, the quantum
Jimit is 0.5 for a SSB mixer, and zero fora DSB mixer.

\ Techni

Accurte measurements of mixer noise and gain are required
in order 10 evaluate mixcr performance . The techniques used in this
waork, which ¢ d variable e loads. is
clsewhere. 910 The mixer block was a quaner-height W-band (75-
110 GHz) waveguide with an adjustable non-contacting

under exper . and use these
admittances to predict both mixer noise and mixer pan. These
ase then 10 values.

4 Present address: Dept. of Elecmcal Engineering :lnd f‘

backshont.10 Conzrent mdiation at the LO frequency of ~95.0 GHz
was fed to the mixer through a cooled crossed-guide coupler. The
23 dB auenuation of the LO by the coupler served to isolate the
mixer from room temperature thermal radiatisi.. The straight-
through arm of the coupler was terminated by a specially designed
variable temperature RF waveguide load® which provided a
calibrated blackbody signal with speciral density Sy

The IF power P from the mixer at 1.35 GHz was coupled
to a liquid Helium GaAs high mobility
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(HEMT) amplifier through a quarier-wave microstrip
matching transformer, 10 and then 1o a direct delec(or A 30-dB
bidirectional coupler was used to the
1p12 for the IF power. A cooled coaxial switch and a specially
designed variable-temperarure coaxial load were used 1o characterize
the noise spectral density Sir and gain-bandwidth product GBr of




ition and available local oscillaxe power were optimized

requency. mmmmunommfoundwbeom 4-/-
036qmu|t9306Hz. The sideband ratio for this
point was 9.8 dB, essentislly makin thuumglende SB)
mixer. The mixer noise is within 25 percent of the SSBquanmm
hmnofOJqunu. This is, to ourk ledge, the closest app
to the quancum limit ever demonstrated.

The coupled (transducer) gain was always measured to be

less than unity. Simulation has shown that DSB mixers with such
sharp I-V curves can give values of coupled nm mluch greater than

wouldno(bemmlymoddedbyme'l'mmeay. If this is the
case, our junctions should be a favorable case for a quantitative test
oﬁ.he'l‘ucku'lheu'y

Deermination of Ecbedding Adi

To calculawe mixer performance from the Tucker theory, we

must know the embedding admittance at the upper sideband
the lower and at the i

ﬁequcncy Thue admitunces can be determined in several ways.

unity. We atmibute our low gain 1o the
width of our mixer mount &% the RF ﬁequency This matier

will be discussed in more detail laser in the paper.
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First, deling of the embedding structures could be
carried out. While this may be ible in simpler si the
omplu:wofmmwblockwouldmkedusptmwdmund

unreliable, We have instead used two other approaches. The first is
10 measure the admittance of a large scaled models of our mixer
block at lower frequencies (3 -10 GHz) where accurate network
analyzers arc available. We have also determined the embedding
admirtance by studying the shape of the pumped -V curve at various
frequencies and backshort positions. Comparisons between these
two melhods shnw good agreement. We will now discuss
g of d -V curves, Illd I.hen compare the

results to scale results

llhulon;bemhlowmhulheembddmpdmmmenm
pump frequency influences that shape of the pumped I-V
curve.23:15 We have previously given a physical explanation for
this effect. 16 Other workers have used the shape of the pumped I-V
curve to determine in general the range of embedding admittance
provided by their mixer mounts.17-18.19 This work utilizes the
shape of the pumped -V curve to deduce the embedding admirances
needed to accurately model mixer performance.

There are several methods that can beusedlodelmnmeme
embedding admittance from the shape of the pumped I-V curve. In
Rm:ncc. these methods can be used only when shunung of

mmcmponsepmmmhemeofmeapm All of these
assume an and an avai pump

power, then calculate the pumped [-V curve based on these

and then pare the shape of the calculated and
=xpenm=nul pumped I-V curves. We outline the variations below.

These methods are similar to the method of cm:les first
developed by Shen!? for d ining the embeddi
from the IV curve.

The first method is the so called “eyeball” technique. In this
melhod pumped IV curves are computed for various values of the

Fig. 3 Added mixer noise and available gain plorted as a fi
of local y. Ateach v, the local oscillator
power, dc bas vollag: and position were op d for
maximum coupled gan. The peak ll'l mixer noisc near 90 GHz
uorrcsponds to a resontance in our mlxur block which makes it

le to provide f: bl The
hortzontal line at S = 1/2 is the quantum limit imposed by the
unceninty principle. The S = 1/2 vacuum Ructuations atready
present on the signal are not included in the muxer noise.

Comparison with Theory
In order to compare our experimental results with the Tucker
theory. we have carmied out computer simulations of mixer

periormance. All calculatons were done using the three-port model.
that 1s, with currents generated at the first and hlghcr harmontcs

Jasumed 1o be short- d Thls isa in
our case because the iy lar ¢ of the
junction (C ~ 160 i, wRNC = l-l at 190 GHz) of the junction

shunts ¢urrents at harmonic frequencies.

The Tucker theory provides a method for predicung the high
treyuency properties of a quasiparucle mixer trom the de |-V curve,
provided that both the de |-V curve and the ff performance are
determined only by ciastic tunneling processes. Because the [-V
curves of our juncuons closely resemble the [-V curves calculated
from the BCS density of states and efastic nneling theory, we

and after optimizing the ilable pump
power, the shapes of the theorenical and experimental curves are
compared by eye. This method is at best tedious and non-
quantitagve.
Computerized Corrent Match
This method is essenually an Julomaxed version of lhe
eyeball techniq Here an the
pump power is optimized. “'hen |h= sum oi the squared differences
the and dc current is
calculated for a number of representative "bias voltages. The
computer can be used to step through a range of admittances to find
the best tit. The disadvantage ol this method is that a large amount
of computer rime is required because a Founer-Bessel sentes must be
invented for each admimance-bias point.

Computenzed Yoliage Match

The valtage match method Y is a more etficient approach. In
this method. the expenmentai pumped [V curve and the measured
unpumped IV curve are used to compute the values Vy of the pump

voltage at severat {~10) dc voltages at which the curves are to be
compared. This pump voitage 15 used to the compute the input

admnmncc Yx of the juncoon at the pump frequency at each of the do

cxpect that the de 1.V curve 15 lareely d 1 by elastic 1i

Bes. Fora given value of the embedding admutance Yo we

can a aew valuc for each of the pump voltages using the

events. Many other junctions exhibu sub-gap
in excess of those predicied by the BCS/elasue tunneling (hcorv
These curents may not anse from elasic tunneling, and hence

above input admirances,
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n each experiment, the appropriste glnnme 1eTS Were
optimized to maximize the coupled gan Ge.This was done by
injocting a 3 Wp&wnNLOWum
the upper or lower sideband . This . maximized the output
power Pp of the 1.35 GHz IF system, which was monitred with a
direct derector.

In cach experiment, four values of the rf load temperature
waechmind:cnn,:ﬁommxwm&ytldlgf four valves of
the input spectral density S;. For each value of Sy, the output
power a1 the [F frequency PiF was measured. The relationship
between S) and Piris

Py =GB {Sn: +paSy + &

Gnl - P2)[Sm + Sy + 0S5 + (1-S ] }

where G is the gain of the mixer, Sm, S0, 4nd Sp are the spectral
densities of the noisc added by the mixer, room temperature noise
leaking down the LO waveguide, and the Helium bath respectively,
Here @ is the loss between the 1f foad and the mixer, and o is the

itude of the IF refl: from the mixer duc to admittance
mismasch.

The Ta/Ta20s/PbBi junctions used for this experiment are
smali area (1.0 x 1.0 um?).11 A 3000A thick Ge film is thermally
evaporated on the 150 um-thick quartz substrate. 100A of Nb and
3000A of T are then ion-beam sp d and p by liftoff.
The thin Nb layer nucleates the bee phase of the Ta bl(sc cn)ezcuod.c.
A chlorobenzene-soak resist process produccs & 1 (m)é resist
“dot|* with an undercut profile necessary for lift-off. 3000A if SiO
is then thermally evaporated: lift-off of = resist "dot” defines the
junction window in the SIiO film. After pateming the counter-
clecwrode lift-off stencil, the junction is ion-beam cleaned. The
exposed Ta is then oxidized by a dc glow discharge in pure O2 10
produce the Ta2Os tu.wnel barrier. Thermal evaporation of 3000A of
Pbo.gBip,1 and 150A of [n completes the tunne! junction. The base

de ion-beam cleani idation, and thermal cvaporation of
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Fig. 1 Twodc -V curves both d in the Y magnets

field of approximately | gauss, but with different amounts of
magnetic flux trapped in the junction. Note that curve (a) has a more
mundedumtﬁauthesumglp.Thismwumusund}\q

more flux trapped in the junction than curve (b). Curve (b) exhibits
negative dynamic conductance at the bottom end of the current rise at
the sum-gap. Curve (b} is displaced diagonally from curve (a).

For the ison t d and calcul ;'mn'(hcr

formance discussed later in this paper, it was important that the

gca;:V curve remain h hout the experin nt We fogm]l
that certain op such as 1

coaxial switch, sent transients to the junction which caused the
amount of flux trapped in the junction to change. We found that we
could regain the original -V curve by repeatedly switching the
coaxial switch, presumably reproducing the original value of the
trapped flux.. N

When an i ic ficld of was
applied parallel w0 the plane of the juncton, dl:_dcl(Vcnmchanged
significandly. [V curves for the same junction at the same
but for several different values of the applied magnetic

the counter-clectrode are completed in-situ in order o produce 3 high
quality tunnel barrier. The device is completed by lift-off of the
counter elecuode.

The majority of the exp P here were carried
out on a single SIS } i This j had a normal resi

field are shown in Fig. 2. Notice that dynamic conductance of the
sum-gap current rise decreased with increasing field, but without a
significant rise in leakage current at bias voltages less than 0.8 V.
This effect is due to a smearing of the density of states as the applied

of 72Qat 1.3 K. Both the normal resistance and the shape of the |-
V curve remained constant over a period of six months even though
for much of that time the junction was at room tem) in
a desiccator. This durability is in contrast to the behavior of earlic.
tantalum junctions and is atributed to the 150A overlayer of indium
deposuted on 1op of the counter-electode.!!

deI-V cupves

The [-V curve of the tantalum junction used in this
cxpenment showed an extremely shasp current rise at the sum-gap
voltage as well as extremely low sub-gap leakage current. The
voltage width AV aver which the sum-gap current step rises from
0.1 0 0.9 of us full value is less than 0.01 mV. The leakage current
At 0.8 Vgaa 15 less than 0.05 L. The dc 1-V curve of the juncuon is
shown in Fig. |.

Dependence of [V curves on Magnen field

The quasiparucle branches of the de |-V curves of these
junciions depended on applied magnetic field and on the amount of
magnetic flux trapped in the junction. When no magnetic Reld was
applied. and for some amount of irapped flux. the current nise at the
»um-gap voliape was extremely sharp, and in some cases exhibited
negative dynamic conductance. For different amounts of trapped
tlux. as evidenced by a Jower value of the caucal current, the sum-
£3Pp current nse was not 50 sharp, and the leakage current increased
by as much as a factor of twa. Two different I-V curves for the
same Junction at the same temperature are shown in Fig |, Both IV
curves were measwed with zero apphied tield.

field the critical field of the superconducting films.

80
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Fig. 2 A series of dc [-V curves measured with different values of
the applicd magnenc tield. As the tield is increased from zero, the
density of stales near the gap begins to smear out, leading to a more
rounded current nsc. Each curve 1s displaced verucally.

i ) .

The coupled gain and mixer notse for our muxer are plotted
as 3 function of local oscitlator frequency in Fig. 3. The backshon



V= )
¥ Ym +Y,

The optimum values of the embedding admittance and the pusp
drive current [0 are those that minimize the mean square devistion €
between the Vi's and the Vi''s,

g2 (v -1V =
k

Zv‘: . zk’ l\rh;2 -zzl' VIV =
0
;vi . |1,_0|2; L.

lYm + Yk’

[N

"Lo'z
k

By diffcrentiating this cxpression with respect to o we obtain the
opurnum value for [0, given by

lYm +

Yo
o= ™ le + ‘(|l |
Lo 1 (6)

2
3 I‘('_o + Yll

for € we obrain

Substiuring this into the cxp

Q)]

E=Zvi -
k

tiere € can now be regarded as » parameter quaniifying the quality
of the fir b the experi | and th ical pumped 1-V
curves for a given embedding adminance.

Autpmaied Fiting
To illustrate the fitting process, we plot contour maps of the
Lt quahity e as a function of position on a Smith chart. An example

of such 3 map 1s shown in Fig. 4. In general. when £ 15 less than 5
. 104 (mV)2. the simulated pumped -V curves are visually

lYuJ +YKI

Fig. 4 Typica! contour map of the fitting parameter € as a function
of embedding admittance plotted on an admittance Smith chart. Fit
quality is best inside the innermost oblong contour. Within this
contour calculated pumped I-V curves are visuaily indistinguishable
from those d experi lly. The spacing is
0.0005 mV2, The chan is normalized to 0.02 K.

Bias Current (pA)

2
Bias Voitage (mV)

Fig.5 a) dc |-V curve of the junction swdied at Temperature 1.3
K. b) Experimental and calculated pumped 1-V curves. The solid
line 1s the calculated curve, Experimental data ponts are represented
by dots. The pump frequency was 46.35 GHz. The imbedding

indisungwishable from cach other and fit the experimental pumped
1V curves very weil.

FiLOual

An example of a typical £it is shown in Fig. 5. To our
anowledge, these are the highest quality fits 10 pumped [V curves
vet obtained. QOver the past several vears, we have used this
srocedure 1o 1t hundreds of pumped I-V curves of vanous SIS
;uncuons. In gencral we have found x.h:u the more closely the dc |-V

curve af 4 given | that p d by elasuc
tunnchng theory, the hgher the quality the fit obtained.
Speafically, junc with leakage vield poor

s, Also. junctions whose |-V curves exhibit substanual
proximuy-ettect induced structures immediately above the current
nse ot the sum-gap vield poor quahity tits above the sum-gap.
Tvpically, in such Juncuons, there 1s a region of negative dynamic

used in the calcul was Y =014 + 008 Q1 o),
same as b), except that the pumip frequency was 93.65 GHz and
imbedding admittance was Y =0.04 + 0.18i Q'!. Thesc are the
upper and lower side band used 1n the calcuiation of the
solid lines shown 1n Fig. 7. All I-V curves were measured in the

ambient Jaboratory magneuc tield.

and the d dc |-V curve does not accurately
represent the density of quasiparticle states near the gap because of
instabilities in the bias circunt when driving this aeganve dynamic
conductance. We have also fitted pumped I-V curves of senes
arrays of 5 nomnally idenucal juncuons. It has been argued? that
such arrays can be treated as a single junction 1f the measured
voltage and current are scaled down by a factor of five. We have
found 1hat the fits of pumped -V c¢urves using such a scaling
procedure are of relatvely paor quality, even when the junctions tn
the array have nearly identicad cntical cusrents.




Comparisog with Results from 2 Scaled Model

To check the validity of the I-V curve fitting sechnique, we
the deduces embedding admj 10 those

can bl

from & scaled model. Because of experimenial difficulties in our
apparatus, it was diflicult 1o relase the position of the beckshort in
the scaled model to the position of

the backshort in the actual
experiment. 5o, insiead deduced d

b the LO voltage amplitade Vi 0, the rf
cmbedding admittances Yusy 25d Yig &t the upper and lower
e S :,m P ,.Mﬂwﬂfk‘dm YF,
e ue to geometrical junction

ipacitance 1o be part of the cobedding admitzance. y
To predict mixer perfc we must or deduce
the sbove input data under experimental conditions. The dc 1-V
curve and the bias voitage are straightforward 10 messure, The LO
mmemmghmeﬁmm

of g and
g for specific backshort position, we comg
the range of g i ble by moving the
backshort while hoiding the LO frequency fixed. To do this, we
measured a set of I.V curves pumped at 93 GHz, each with the
backshort position siepped 0.0165mm farther away from the
ion, starting at approxil ly 1.15mm away from the junction.
The range of adminances consisient with each -V curve was
deduced using the voltage maich method. For each [-V curve, this
range can be represented on the Smith chart as a roughly oval
shaped region. These 1egions, along with the range of admitance
measured from the scaled modell4 at the scaled frequency, are

the lower fr Y, ing a pumped I-V curve
for each case. From these I-V curves, we deduced a range of

bedding admittances cor with each of these [.V curves.
Ranges dec{uced using different available pump power were

shown in Fig. 6.
The ded

j we in good g g
with those measured from the scaled model. The deduced
admittance fall w0 the outside of the range measured from the scaled
niodel.  This could be caused by inaccurate scaling, or by
diffe in the surface imp b model and
thz mixer block at the measured frequencies. It should be nowed thas
1-V curves were measured only for a small range of backshort
positi For most positi drnif lies b region (a2}
and region (k). The panem is qualitatively repeated with period ~
(l].isimm. which is approxi 112 the guid length ar 93
z.

The i
from a scaled model and those deduced from pumped -V curves
gives us confidence in applying the I-V curve method to the
deling of mixet p

6. Range of admutances avalable at 93 GHz. The ranges of
bedding ad ded from a set of I-V curves pumped at
Y3 GHz. each with the backshort position stepped 0.0165mm
farther away from the mixer. are represented by the shaded regions.
Region (a1 1s for the backshort approximately 1.1Smm away trom
the with this g 1o region (k). The dashed
wircle 1s the range of in bedding admi d from the
sealed mode! at the scaled frequency corresponding 10 93 GHz. The
sohid circle 1s the same range, except that the susceptance duc te the
esnmarced capavitance of 160 fF has been added in paraile),

si { Mixgz Peci

We have calculated mixer pertormance using the Tucker
theory in the 3-pon approximation. We have not made the low iF

n general, the best defined ranges were obtained when
the available purmp power was such that the pumped dc current on
the firyt photon-assisted-tunneling step below the sum-gap was 1/4
t0 1/3 of the unpumped curren: i diately above the sum-gap.
The admittances used in this work were deduced from I-V curves
measured under these conditions.

The ranges of admittances deduced were used in the Tucker
theary (o predict a range of mixer performance. This was done by
exhaustively ling on a grid of admi pairs i (es
5.0 104 (mV)?) with the shape of the pumped I-V curves. The
rangeof p Wwe quote was obained by plotting & histogram
of calculated available gain and mixer noisc value, and roting the
range into which 90 percent of the predicted values fell

Besults.vs, pump power

As a first test of this procedure, we analyzed the resuits of a

relatively simple experiment, We measured mixer noise and

available gain as a function of LO power with all other parameters
(i.c. LO frequency, backshort pols:lagn e bias point, IF frequesicy,

ield, P This implics that the
embedding admittances at the upper sideband and at the lower
ideband were during the experi and that ch in

mixer rafonmnce were due only to changes in the amplirude of the
LO voluage.

In Fig. 7, we plot the experimentally measured mixer noise
and available gain as a function of available pump power. The
range of predi P i with the I-V curve is
indicated by the dashed lines in Fig. 7. The experimental values are

i with the predicted range of per but are at the
poor performance end of the range. This is consistent with the
conclusions reached by McGrath et al.5 For ane specific set of

bedding admi within the range, we are able 10
predict performance that is in nearly perfect agreement with the
experimentally measured values. The comparison is represenicd by
the solid lines in Fig 7. These values of the embedding admittance
are identical to those used 1o produce the fits to the pumped 1-V
curves shawn in Fig. 5.

B .

We have also modeled mixer performance as function of
hort positi We d mixer gain and noise for 13
different backshort position with Li y, IF freq 'y, and
applied magnetic field held constant . The chosen positions were on
cither side of the opri b it b

£

p 1p At each by 1

position, the LO power and dc bias point were optimized for

maximum coupled gain.

The analysis of this experiment 1s slightly more complicated
ing admil h with backsh i

because the d £ 1p
For each backshort posi we d 1-V curves pumped at
the upper and lower sideband frequencies and used these to deduce
ranges of all bl bedding admi which were used to
model mixer performance. In Fig. 8 we plot the experimenially
measured thixer noise and available gain as a function of backshort
posiion. The range of predicted perte is indi by the
dashed lines in Fig. 3. The expenimental values are in good
agreement with the predicied range of performance for backshort
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Fig. 7 Added mixer noise and available gein as a function of local
oscillator power with fi.0 = 95.0 GHz, Vpc = 1.956 mV. The
dashed lines are the limits of the performance that are consistent with
I-V curve shape. The solid line is the best fit to measured
performance, with Yysg = 0.14 + 0.08i -} and Yisp 0.04 +
0.18i £ -1. All measurements were performed with no applied
magnetic field.

posigons closer 1o the juncticn than 0.59mm. when the backshort is
farther away, the agreement is not as good.

The admi deduced when the backshost is farther than
0.59 mm from the junction are on the extreme outer edge of the
smith chart. where either or both the real or imaginary parts of the
embedding admittance i5 much larger than the input admittance of
the junction. Under these conditions, the change of the input
admuttance of the junction with bias voltage does not have a large
effect on the LO voltage, and hence I-V curve with different
embedding adminances are quite similas. However, admitiances that
vield almost identical -V curves have different values of RF
retlecuon coetficient, and hence different mixer performance.

As the embedding admittance moves radially outward near
the edge of the Smith chant, the power needed to obtain a specitic
pumped dc current increases rapidly. [11s possible to eliminaie some
of the ddi that are i with I-V curve
shape, but with the d value of the LO power.
Since the LO power 15 measured outside the dewar, we must know
ihe loss between the power meter and the junction at the pump
frequency. ‘We were able to esumaie this loss by using the
calculated pump power for the I-V taken when the backshort is
closer than ).59Ymm to the | h

For these b: 1p

the cmbedding admuttance is nearer the center of the Smith chart and
she pump power vanes only by a factor of two over the range ot
admintance consistent with [-V curve shape.

We used this procedure to restnict the range of admitances
when the backshort is more than 0.59mm from the junction. In Fig.
. we replot the expenmentally measurea mixer noise and available
dain. The range of predicted performance calculated using the
restncied sange of adminances 15 indicaed by the dashed lines. The

40 | Y R N I
= L
€ 30 - r
[]
3 -
g
o 20 I
[}
S L
z
= 10 |- T
g ;;," \‘\.
= 0 i."_ . ) 5470 oo~
T | T T T T
€ 0 _"————-\l\‘ I:_
i R ! )
a -; a s uio\\\‘::‘---\ ':',’
.g 10 - ce ‘~_~ \Il_
K ] Y
>
< - LI
.20 ] } 1 L3 8

03 ¢4 05 06 07 08 09 1
Backshort Position (mm)
Fig. 8 Added mixer noise and available gain as a function of
backshort posiiton, measured in mm from the junction. The
lines are the limits of performance that are consistent with I-V curve
shape,
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Fig. 9 Same as Fig. 8 except that now the calculated limus of
per are using only ad that are

Jgreement between expenment and theory is v imp

over the range in which the corrected admittances were used. [t
should be noied that 1he performance calculated using the resmcted
range of admuttance falls outside the range calculated using the

with d vatues of pump power tor backshort position greater
than 0.59mm. Note that the quality of the fit is dramaucatly
improved in this region.



unrestricted admictances. This is because the valuos calculated using
Fm_:mada admittances fell outside the 90 percent range used in
ig. 8,
Discussion

hnusefnlwmnuduemmmeouldmduam
between caiculated and mixer performance. It is
possible that the Tucker overestimales when
medcl-cheuuledwpmdicthn;h frequency behavior, This
could occur if the dc I-V doummywﬂ:dmnqof
stales. A very small
sum-gap current rise mdlcalu that the high current density ot'om‘
junctons heats the quasi] and curreat rise at the
sum-gap volu:e. The time scale of this effect is much longer than
one cycle of the local oscillator, so that the high frequency response
is not exacily determined by the dc I-V curve. A second possibility
is that the leakage current below the sum-gap does not arise from
tunneling, and 5o is not & modeled by the Tucker theory. If
this effect were imporunt n could explnn our relative success
becaus: the effect would be din | It

ible that the d ion of :dnumnce using
pumped v curves gives incorrect rcsuks. cither due to non-
cquilibtium p or other eﬂ’ecu We
conslder this unhkely the

ge

of the good
d by the fiing p and those measured
using a scaled model, !4 or theoretical e,xpmauons.’6

It is also p that h ic effec for
some backshort posmons This is unlikely w0 be the case for lhe
first where p was asaf of
pump power. ‘n this !

peri the j
nearly resonated at the LO frequency. Under these condmons. the
amplitude of the RF voltage at the first harmonic of the pump

ANSR-II-OZW. A.H. W i
mM H. Worsham was supported in part by

Beferen s
l. P. L. Richards and Qing Hu, "Supucondmn

or infrared and millimeser-wave recei
B, AT ine ow o Procedigs
2, J. R Tuckerand M. J. Feldman,

"Quantum dectection at
rml”llsmnvdenm' Rev. Mod. Phys., 57, 1055-1113,
3. J.R. Tucker, "Quantum fimited detection in tunnei junction
mixers,” JEEE J, Quansum Electron., QE-15, muzss 1979.
4. M. ). Feldman, S, K. Pan, A. R. Kerr, and A. Davidson,
"SIS mixer analysis using a scale model,” /EEE Trans. Magn.,
MAG-19, 494491. 1983,
5. W.R. McGrath, P. L. Richards, D. W. Face, D. E. Prober,
aMF.I,.ondﬂAccuntexpaimmnhnddmeﬁml

ers showing weak and stron; tum effects,” J. Appl. Pi

uani 3
63 2479-2491 1988. 54 ffecs.” ). Appl. Phys.
6. C. A. Mears, Qing Hu, P L. Richards, A. Worsham, D. E.
Prober,and A. V. Rluinen, limited

of mm waves using i

bc published in Appl. Phys. Lerl 1990.
C. M. Caves, "Quartum limit on noise in linear amplifiers.”

Plly: Rev.D.26 , lﬂl7-1839 1981.

8. M.J. WenllerandD P. Woody, “Quantum noise in

2;2 19yslzledemci:wm. {EEE J. Quans.om Eleceron., QE-23, 613-

9. W.R. McGrath, A. V. Rilisinen, and P. L. Richards,

"V:ru.ble temperature loads for use in accurate noise measurements

wnnel j " to

frequency is ~100 times smaller than that a: the pump freg
wpical pump powes, and the assumptions of the three poct model
should be very well justified. For the second experiment, where the
backshors position is vaned. the embeddm; admittance was highly
itive at the pump fr for less than
64. Under these di ltages at the first h ic of the
pump frequency could arise gither from harmonic conversion in the
mixer itself, or from harmoniu content in the waveform of the local
oscillator. The pump power needed at these backshort positions is
up 10 100 times larger than when the mixer is optimized, thus there
is up 10 100 times more power at the first harmonic frequency. Itis
possible that the 3-port madel is no longer vaiid under these
condutions.
We now tum the discussion ta the relatively low values (less

cooled amplifiers and mixers,” Jar. J.
ldmnda.nd Millineter Wavc.r. 7, 543 553, 1986.
10. A, V. Riisinen, D. G, Crée , P. L. Richards, and F. L.
Lloyd, “Wide-band low-noise mm wave SIS mixers with a single
:lusnsu‘m elemen& " It J. Infrared and Millimeter Waves, 7, 1835-
11. G.-J, Cui, D. W, Face. E. K. Track. D. E. Prober, A. V.
Riisinen, D. G. Crété, and P. L. Richards, "High quality Ta/PbBi
tunnel junctions for 85-110 GHz SIS mixer experiments,” [EEE
Trans. Magn.. MAG-23, 68B-691, 1987.
12, M. Hatzakis, B. J. Canavello, and J. M. Shaw,"Single step
optical lift-off process”. IBM 7, Res. Dev., 24, 452-460, 1980.
13, S. Raider, private communication.
4. A V. Rmnnen W. R. McGnath, D. G. Crélé and P. L.
“Scaled model f

than umty) of coupled gain that we have
shown that juncuons similar to ours can give large vatues of coupled
gain 15 provided with the comrect embedding adminances. The small
wnstantancous bandwidth of our mixer block llmus our ability to
ly provide f: beddi atboth the
upper and lower side band. Simulation “has shown that as the
diff femnce bexween the imaginary parts of the upper and lower side
band the coupled gain decreases
fur typical mixer parameters.30 Coupled gain much greater than
umty was measured tn a tull-height vevsion of the mixer block used
i this work.?! The j used m that used :u;
nigErRird tuning el 140]
the ;um:unon wh?ch greatly increased xhe instamaneous bandwidth,
making the mixer almost double-sideband.
We have d the p of an SIS
mixer operating in the quantum limit where the noise 15 limited by
the uncenainty pnnciple, Our minimum mlxer noisc is 2 maximum
of (1.42 guanta above the lirnit for a ph: ving linear
amplifier. This 15, 1o our knowicdge, the closest approach to the
\uantum limit measured in any mixer. We have calculated pumped
.V curves in nearly perfect agreement with measured in the
cxpenment for a broad range of expenmental parameters. Using
sdmustances deduced from the fitting parametcrs and the Tucker
theory of yuantum mixing, we have predicted mixer pertommance in
2ood ag with that
“This v.ork was supported in pan by the DII’CI:IGI'. Office of
Energy Research, Office of Basic Energy Sciences, Chemical
Sciences Divisian of the U. S, Department of Energy under Contract
~o DE-AC03-76-SF00098, and by NSF ECS-8604350 and

tor SIS waveguide mixers,” /ne. J. Infrared and Millimeter Waves.

6. 1169- 1189, 1985,

15. Qing Hu, C. A, Me:us P. L. Richards. and F. L. Lloyd.
“Quantum :usceptmce and its effects on the hngh ftequency

g runnel j 10 be in

ths Rev. B, 1990.

16. C. A. Mears, Qing Hu. ana P. L. Richards: "Numericat
simulation on experimental dat from planar SIS mixers with
T})lggmed l;mng clements,” /EEE Trans. Magn., MAG-25.,
17. T.M. Shen, "Conversion gain in mullimeter wave quasiparticie
heterodyne mixers,” /EEE J. of Quantum Electron.. QE-17, 1151-
1165. 1981.

18. T. G. Phillips and G. J. Dolan, "
and 110B, 201 2019 1982.

19. Anders Skalare, "D
from dc measurements on qumpmlcle mucrs
und Millimeter Waves, 10. 1339-1353, 1989,
2[). C. A. Mears, unpublished.

21. A. V. Riisinen, D. G. Crété, F. L. Lloyd, and P. L. Ru:h:uds
“A 100-GHz quasnp:mlclc nulcr wath 10 dB coupled gain.” [EEE
MTT-S Dig., 929-930. 198

1050-

SIS mixers," Physica . 109

Im 1 of Infrared



