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Noise Parameters of S1S Mixers

LARRY R. D’ADDARIO

,4mtracf — It has been shown that very low noise receivers can be

constructed at millimeter wavelengths by using mixers containing super-

conducting tunnel junctions as the nonlinear elements. This is possible

because of both the low intrinsic noise of these devices and their potential

for high conversion gain. In this paper the quantum theory of mixing is

used to derive the full noise parameters and small-signal parameters of

sinnsoidally pumped S1S junctions. These are then put into a form that

allows the extensive theory of two-port linear networks to be bronght to

bear, aflowing calculation of such useful parameters as minimum noise

temperature, optimum source impedance, available (or exchangeable) gain

at minimum noise, and stability factor. These quantities are properties of

the primped junction that do not depend on the source or load impedance,

but do depend on the terminations at the image and harmonic sideband

frequencies. The harmonic sidebands are taken to be shorted, and the

image termination dependence is studied in detail. Numerical results are

presented for both ideal (BCS theory) and practical (measured

current-voltage characteristic) junctions. The noise parameters of the

cascade connection of an S1S mixer and a (noisy) IF amplifier are

considered, Ieadhlg to a specification of the optimum coupling network

between the two. Finally, it is noted that the S1S mixer is usually not

unconditionally stable, but that oscillation can be avoided by careful design

of the IF coupling network.

I. INTRODUCTION

I T WAS PREDICTED in 1980 by Tucker [1] that milli-

meter-wavelength mixers employing superconductor–in-

sulator–superconductor (S1S) junctions would be capable

of conversion gain. This was a consequence of the newly

developed quantum theory of mixing [2], which applies to

two-terminal devices having significant nonlinearity on a

voltage scale less than k~, /q, where ~, is the signal

frequency, h is Planck’s constant, and q is the electronic

charge. Conversion gain was first demonstrated experi-

mentally in 1980 by Shen et al. [3], and subsequently the

theory has been verified in more detail [4]. Arbitrarily large

available gain is possible [1], [5]. The quantum theory also

predicts that the noise added in the mixing process will be

very small for some junctions. Recently, Feldman [6] has

identified circumstances under which this noise achieves

the “quantum limit” imposed by the uncertainty principle

[7]: any linear amplifier or mixer whose photon number

gain is large must add noise with a power spectral density

of at least kTql = lrf~ /2 to its input, where k is Boltzmann’s

constant and Tq, is defined as the quantum limit noise

temperature. Noise temperatures as low as 3.8 K have been

measured in laboratory experiments at 36 GHz [8], where

Tq[ = 1.86 K. (In this paper, noise temperature T will
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always refer to power spectral density kT, not the power

available from a resistor at physical temperature T. This is

consistent with the way noise temperature is usually mea-

sured, by extrapolating linearly from measurements with

two or more high-temperature noise sources to a fictitious

source with no noise.) Complete receivers using S1S mixers

have been built for radio astronomy at frequencies from 35

to 230 GHz [9]–[15], and several are in regu”[ar use on

radio telescopes. They are now the lowest noise receivers in

this frequency range, although their noise temperatures do

not approach the quantum limit.

The noise temperature of a receiver consisting of a mixer

cascaded with an IF amplifier is

Tamp( %lt )
Trcvr = Tm, +

G
(1)

mxr

where T_ and Tmp are the noise temperatures of the

mixer and amplifier, respectively, and G~= is the available

gain of the mixer. The amplifier noise depends on its input

source admittance, which is the mixer output admittance

Y Tmr, Gmr,
out “

and YOUtall depend on the mixer operat-

ing conditions; the study of these dependencies for S1S

mixers is the main subject of this paper. The lowest

possible T“Cv, is obtained when Tmr = Tq[ and Tmp /Gm

is negligible. This would seem to be achievable in view of

the arbitrarily large gain available from S1S mixers. But, as

we shall see, such high gain is always accompanied by low

IYOU,I,far from the optimum source admittance for which

microwave amplifiers are usually designed. This explains

the relatively high noise temperatures of some of the

receivers so far built; their noise temperatures are

dominated by the second term in (1).

For S1S mixers Re( YOU,)can easily be negative. Then (1)

remains valid provided that G~X. and Tap are defined in

terms of exchangeable power, a generalization of available

power due to Haus and Adler [16]. The exchangeable

power of a source whose impedance has positive real part
is the same as its available power; for negative real part, it

is the negative of the maximum power that can be pushed

into the source. For a thorough discussion, see [1’7]. If

Re( YOUt) <0, then both G_ and Tmp are negative.
To the extent that a mixer can be treated as a two-port

linear device, the extensive theory of such devices cam be

used to derive useful quantities. The terminal behavior of a

two-port is completely described by a set of four complex

signal parameters (such as impedance, admittance, or

scattering parameters) and a set of four real noise parame-

ters. Each set has several equivalent forms which are easily
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transformed from one to another [18]. A useful set of noise

parameters is { Tmti, T~, YOPt} such that

Iz - Y&l’
(2)T“ = Tin,.+ ‘~ Re(YOPJRe(~)

where T. is the noise temperature of the device and Y, is

the input source admittance. Thus, Ttin is the minimum
noise temperature, YOPt is the source admittance that

achieves this minimum, and Td is a measure of the noise

sensitivity to deviations from YOPt.An important property

of these noise parameters is that Tm,n and Td are un-

changed if the given two-port is cascaded with any noise-

less, reciprocal two-port [19]. More generally, given the

signal and noise parameters of two two-ports (such as a

mixer and IF amplifier), the signal and noise parameters of

their cascade combination (or other interconnection) can

be computed.

The exchangeable gain and output impedance are also

functions of Y,, determined by the signal parameters. We

shall be particularly interested in Gmr(Yopt),calledthe
associated gain G., and in Yout(Yopt).

There is a general theory about the stability of l@ear

two-ports [20], Given the signal parameters, a stability

factor K can be defined such that if K >1 then the device

is unconditionally stable; i.e., it will not oscillate with any

passive terminations. Often, S1S mixers are only stable for

certain terminations (conditionally stable).

where V~C+ V,C(t) = V(t) is the applied voltage; and ~FT(t)

is the Fourier transform of the dc current-voltage char-

acteristic of the junction I~C(~) with respect to transform

variable f = q( V – V~C)/h:

IFT(t) =/mIdc(Vdc + hf/q)e-’2”f’df.
–m

where fm = mf= + fo, then the current can be written

~(t) =ldc+lL(t)+Re ( )~ iwei’nfm’ . (5)
~.—~

Equation (3) can then be used tcl calculate the LO current

l~(t) and the harmonic sideband current amplitudes i~.

Following standard mixer theory [22], [23], we treat the

pumped junction (i.e., the junction with dc bias and LO

applied) as a multiport linear network, with each of the

harmonic sideband frequencies j~ assigned to a separate

port. This artifice is convenient, even though the physical

junction has only two terminals. The elements of the

admittance matrix of the (fictitious) network, defined by

Ynm = i~/v~, with u~=O for all k+zn, (6)

are found after some calculation to be [2, eq. (7.5)]

II. CALCULATIONS
~ fj J,(.) JO+.-.).)

A. Summazy of Quantum Mixer Theory ‘nm=2hf~P. _~

The quantum theory of mixing developed by Tucker [2]

follows from expressions first derived by Werthamer [21]

for the current in an S1S junction resulting from any given

time function of applied voltage. If the voltage consists of

a large, periodic waveform of fundamental frequency ~~,

plus a small signal at frequency mfL + f. for integer m,

then the current will consist of components at the frequen-

cies nfL + kfo for all integers n, k. @ mixer terminology,

fz is the local oscillator (LO) frequency and f. is the

intermediate frequency (IF) or output frequency. For m = 1

the signal is in the upper sideband, for m = – 1 it is in the

lower sideband, and for Im] >1 it is in a higher harmonic

sideband. For sufficiently small signal amplitudes the cur-

rents at frequencies with Ik I >1 can be neglected. All of

this applies to a classical (resistive) mixer as well as to a

quantum mixer, the difference being that a purely resistive

nonlinear device has an instantaneous current that is a

(nonlinear) function only of the instantaneous voltage,

whereas in an S1S juncticm the current is given byl

1This equation is easily derived from Tucker’s [2, eqs. (2.8), (2.11),
(2.16)] or Werthamer’s [21, eqs. (10)-(12)], wluch appear to be much
more complicated because of the introduction of auxiliary functions

X [f(~)– f(J&m– hfO/’q)– fi(~+n+ hfo/q)

+ ~*(v+n-m)] (7)

where JP( a) is the p th order Bessel function of the first

kind; a = qVL/hJL is the normalized LO voltage; VP= V&

+ phfL/q; and 1(V) is the analytic signal of l~C( V), given

by

i(v) = 2~mIFT(t)e+i2’’( q/h)(v-KC)’dt

Idc( ~)
(8)‘ld.(v)+ip/:mm(~_q ‘v’”

The latter integral is the Hilbert transform of l~C( V)

(sometimes called the Kramers-K~onig transform).

Strictly, (3) gives the expected value of the current.

Fluctuations about this value occur because of the quanti-

zation of charge (shot Poise) and because of thermal mo-

tions. The quantum theory allows these fluctuations to be

calculated. They have a continuous frequency spect~m,

but only those components near the sideband frequen~ies

are of interest here. In a (small) bandwidth 8j near fn, let

the current fluctuation amplitude by 8i~. Then a detailed

calculation shows that the correlation matrix of these
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Fig. 1, Development of small-signal and noise model. (a) Multiport network representation including all harmonic

sidebands, (b) Three-~ort model with higher harmonic sidebands shorted. (c) Three-port model with noisy termination on
image port.’(d) Two-~ort model equivaJ&t to (c).

current components is [2, eq. (7.16)]

H~M = (8i#i~)/8f

m

‘4 z J.p(~)Jp+,,-m(~)
~=–m

X [coth[(q~+. + hfO)/2kT]Lj.(~+n+ hfolq)

+coth[(ql&~ + hfo)/’2kT]ldc(~-m + hfo/d} (9)

where T k the physical temperature of the junction.

Thus, (7)–(9) give a representation of the small-signal

and noise behavior of the pumped junction. The model is

illustrated in Fig. l(a).

B. Reduction to Two-Port Model

The network of Fig. l(a) can be embedded in a larger

network, wherein each of the ports is terminated in a finite

impedance and one port is connected to the signal source

(typically port 1 or – 1). The power delivered to the load

impedance coupled to the IF port (port O) due to both the

signal and the noise sources can then be calculated. In this

way, conversion gain along with very low noise has been

predicted for practical junctions by many authors. Here,

however, we choose not to jump directly into calculations

that depend on the embedding network, but rather to

study the properties of the pumped junction itself. Fur-

thermore, unlike most others, we do not assume that f.
atmroaches zero.

We first make the justifiable assumption that all ports m

with Im I >1 are short-circuited. It happens that this is

reasonable for many practical S1S junctions at millimeter

wavelengths because the junction construction (typically a

parallel-plate sandwich) causes it to be shunted by a sub-

stantial, fixed capacitance; the admittance of this capacitor

can be mostly canceled at fL, fl, and f_ ~, and is small at

fo, but it forms an effective short at higher frequencies.

The current carried by the junction capacitance is not

included in 1(t) of (3); this simply means that we have,

without loss of generality, treated the capacitor as part of

the embedding network. Note also that the use of a

sinusoidal LO voltage in (2) implies that the LO harmonics

nfL, n >1, are shorted. 2 The signal and noise model of the

pumped junction is then reduced to the three-port form of
Fig. l(b), described by the 3 x 3 matrices Y and H. whose

components are given by (7) and (9), respectively, for

n,m= {–1,0,1}.

Most of the results of two-port network theory cited

earlier are not readily extendable to three-port networks

like Fig. l(b). To make use of these results, select port

s(=1 or – 1) as the signal (input) port, and let port

x = –s be the image port. Then connect a fixed admit-

tance ~ to port x, along with a (noisy) current source

2There have been attempts to develop computer codes which relax this

assumption [24] and hence treat low-capacitance junctions. It is generally
found that poorer mixer performance results, so it is reasonable to restrict

our attention to relatively high capacitance iunctions. . -.
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8Zi(t) whose mean square value near fX is L?,8~, as shown

in Fig. l(c). We will later take this noise source to be the

thermal noise of the image termination.

The three-port that includes ~ has an impedance matrix

given by

Z= [Y+diag(O,O, ~)]-’ (lo)

where Y’ is the same as Y except that the elements have

been reordered so that row and column indices {1,2,3}

correspond to {signal, image, IF}, respectively. The two-

port obtained by leaving port 3 open circuited then has the

admittance matrix

[1
ZllZ12-1

Y = Z21 ‘Z22 . (11)

Any two-port linear network can be represented as a

noiseless two-port connected to two noise generators in

any of several equivalent arrangements [18]. The model of

Fig. l(d), consisting of a two-port with a shunt noise

source at each port, is equivalent to the noisy two-port

enclosed in the outer dashed box of Fig. l(c) if the sources

are related by

tli{ = di~ + (i3ix + di, )l?l

8i~=8i0 +(c$ix+8ii)R2 (12)

where

‘k = yklz13 + yk2z23~ k=l,2.

Then a straightforward calculation shows that the correla-

tion matrix h of these new sources has elements given by

h22 = Hjz + lR2[2(Hj’3 + H,)+2Re{H~3R2}

h12=h~1= H{2+H[3R2+ R~H~2+R:R2(His+Hz)

(13)

assuming that the image termination noise is uncorrelated

with the junction noise. Here the H,; are the reordered

version of H~~, in the same way as Y’ relates to Y.~.

If the image termination, is at physical temperature ~,

then the full quantum expression for the available thermal

noise power in bandwidth ~~ near ~X is [25]

Pa= ( hfx/2) ~~coth (hfx/2k~) . (14)

The mean square spectral density of the equivalent current

source is then

H,= 2hfxRe(~) coth(hfx/2k~). (15)

Notice that this expression does not vanish at ~ = O; this

is because it includes the so-called zero-point fluctuations

and is valid at low temperatures and high frequencies.

(The familiar classical limit, Pa= k~, is obtained when

hfx.k~ + O.)
The matrices y and A now describe the signal and noise

properties of the mixer model shown in Fig. l(d). They

depend only on (a) the dc current–voltage function of the

junction, l~C(V); (b) the frequencies ~~ and f,; (c) the bias

voltage V~= and LO amplitude V~; and (d) the image

D.C. VOLTAGE, mV

Fig. 2. Current–voltage curves used in the simulations. (a) Calculated

curve for BCS superconductors at temperature T = O and gap voltage
Vg = 3.04 mV; for V< Vg, the current is zero. (b) Calculated at T=
3.4 K, ~ = 2.96 mV; for V< Vs, the current is about 0.02 mV/Rn,
which is not visible on this state. (c) Measured for Pb-atloy Junction at

T= 3.4 K.

termination admittance ~ and its temperature ~. The

practical parameters TM., YOPt, ?i, G=, and YOU,are easily

obtained from ‘y and h using standard formulas.

III. NUMERICAL SIMULATIONS

Numerical calculations of the signal and noise matrices

were carried” out for three different current–voltage func-

tions (1– V curves), shown in Fig. 2. These included two

calculated curves, based on the BCS theory [26], the first

for temperature T= O and the second for T= 3.4 K. Each

of these was computed from the integral formulas given by

Harris [27], assuming identical superconductors with en-

ergy gaps 2A = 3.04 rneV at T = O and 2.96 meV at 3.4 K.

The third 1– V curve was experimentally measured at

T= 3.4 K using a lead alloy junction (Pb-In-Au/

oxide/Pb-Bi) fabricated by the author at the laboratories

of the National Bureau of Standards in Boulder, CO [28].

The energy gap for the theoretical’ curve at 3.4 K was

chosen to match the apparent sum gap of the experimental

curve. The value of the O K curve was extrapolated accord-

ing to the BCS dependence for ;i critical temperature of

7.5 K. near that of the experimental superconductors. In

each plot the current is scaled by the normal resistanc~ R.

of the junction, where l/R. is the asymptotic slope of the

curve at high voltages. For our purposes, the significant

differences between the three curves are these: tlie first is

“i deal,” with zero subgap current and infinite slope at turn

on; the second has nonzero. subgap current but retains the

infinite slope; and the third has sl,ill higher subgap current

and finite slope.

For each 1-V curve, mixer simulations were computed

at various LO and intermediate frequencies, and with the

signal in each sideband. In most cases, the bias voltage and

LO amplitude were held at predetermined values. We used

V~C= Vg – hjL/2q, where Vg is the voltage corresponding
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to the sum of the energy gaps (as indicated in Fig. 2). This

voltage is in the center of the first “photon step,” where

the conversion loss and noise are normally low. We used

FL= o.lh~~/q for the T = O theoretical curve, since it has

been shown [29], [6] that for such junctions high conver-

sion gain and low noise occur as V~ ~ O. For the T = 3.4 K

curves, both theoretical and measured, we used the results

of separate simulations (see below) to select a value of V~

that minimizes T~in.

A. Image Termination Admittance

The dependence of various noise parameters on the

image termination ~. is shown in Figs. 3–5. For these

calculations we chose ~~ = 200 GHz so that each junction

is well into the quantum regime ( lzfL/q large compared to

the voltage range over which most of the current rise

occurs in l~C( V)); and we chose j“, = 200.1 GHz so that the

signal is in the upper sideband with ~0 = .f, – ~~ very small

(frequency dependencies will be considered separately).

The appropriate physical temperature of each junction was

used in (9), and the image termination temperature in (15)

was taken to be the same as the junction temperature. In

the figures, the functions are plotted on Smith charts

(reflection coefficient planes) whose reference impedance

is the jufiction normal resistance R.; i.e., for independent

variable Y the plots are in the plane of r = (1 – R. Y)/

(1+ RnY).

For the ideal juncticm at T= O th~ simulations show that

all four noise parameters are independent of Y, to within

the estimated numerical errors; hence they are not plotted.

We find T~in = 4.18 K = hf,/2k = Tq[ (the quantum limit

is achieved) and 1/ YOPt= 0.58R ~ = (2 hf, /q)/I~C( V~C+

hjL/q). These agree closely with analytical results given by

Feldman [6] for the case f. ~ O and V~ -+ O. The sensitivity

parameter is T~ = 2.40 K.

The independence of T&n from ~. is interesting. When

Re( ~) = O, there can be no thermal noise contribution

from the image termination, so the junction noise must

account for all of T~in = T~l. However, when ~. = YOPtthe

zero point fluctuations in the tehnination must contribute

about T~l to the noise temperature; thus, at this Yi the
jtt~ction noise contribution must be near zero. The junc-

tion current is still subject to the fluctuations of (9), but

apparently these can be made to cancel at the output

frequency. We have verified this in our simulation by

artificially setting Hi = O (no zero point fluctuations in the

image termination); we then find T~in = O at ~. = YO~t.

Fig. 3 shows the T~in dependence for the other two

junctions. Tlie theoretical junction achieves its lowest noise

when ~. is near the edge of the Smith chart, where T~in is

about 1 K above T~[. The excess is due to shot noise from

the (small) dc current that flows at V((Ceven in the absence

of the LO, as well as from the LO induced current. T~in is

largest at ~ = YO&, where the thermal noise from the image

termination (at ~ = 3.4 K) is largest. Letting ~ = O, Tfin

becomes essentially independent of ~., but remains about

1 K about T~l. Artificially setting Hi= 0, we find the

lowest Tfin = 0.95 K at ~ = YO~,. It thus appears that the
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Fig, 3. Minimum noise temperature versus image termination for junc-

tions and terminations at 3.4 K, ~L = 200 GHz, ~ = 200.1 GHz, and

other parameters as described in the text. The condition ~ = ~ = YOPt
is marked with a cross. (a) Theoretical Z– V curve from Fig. 2(b). (b)
Measured 1– V curve from Fig. 2(c). In this and later figures, contours

of the dependent variable are plotted on the unit-radius Smith chart of

reference impedance R,z. To avoid clutter, the standard constant-
impedance circles are not labeled. The independent variable is noted at

the lower right comer.

‘\
–-\ \

(a) (b)

Fig. 4. Optimum source admittances plotted on the source reflection

coefficient plane (note difference from Fig. 3). The hatched region is
the range of YOP, for all possible values of ~; the points ~ = O and

~ = cc are marked with a circle and cross, respectively. (a) Theoretical
1– V curves. (b) Measured 1– V curve.

complete cancellation of junction noise observed for T = O

is not achieved in this case.

The measured junction show: noticeably higher noise,

largely because of its higher subgap current. The lowest

T~in, 7.6 K or 1.6T~l, is produced when Y/ is nearly an

open circuit; the lowest T~ (not plotted) is 3.4 K and

occurs at the same place. Both parameters increase by less

then a factor of two over all ~., and reducing the termina-

tion temperature from 3.4 K to zero has little effect.

Clearly, the junction shot noise dominates.

Fig. 4 shows the range of optimum source admittances

YOPt found for each junction. In all cases, YOP,is confined

to a small region, although the size of the region increases

and shifts toward smaller admittances as the junction

quality decreases. In view of the low values of T~, a source

admittance Y, anywhere in the region would produce a

noise temperature very near T~in.

For all three junctions the associated gain and output

admittance depend strongly on ~., as shown in Fig. 5.

There is a large region where Re (YOUt) and G. are negative,

bordered by a line where Re ( YOUt) passes through zero.

Near this line, IG. I is unbounded. The existence of a

negative resistance region in the space of operating param-
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K. ‘- K--~ ..”r,=. _.

Fig. 5. Associated gain (left) and output admittance (right) versus image

termination. Top: theoretical 1– V curve at T = O. Middle: theoretical
at T= 3.4 K. Bottom: measured 1– V curve, The infinite gain contour

is plotted as a thick line, and the others are logarithmic, The output

admittance is plotted as contours of constant real and imaginary parts,
with thick lines for zero; the contour intervat is 0.002/R. for the T = O

case, and O.1/R ~ for the others. A cross indicates where ~ = Y, = YOPt.

eters of S1S mixers has often been noted. Its significance

will be discussed later in connection with stability and IF

amplifier noise. Fig. 5 shows that IGaI is nearly the same

for both theoretical junctions, whereas IYOU,I is much larger

for the T = 3.4 K one. For the measured 1–V curve, the

region of negative gain and output conductance is much

smaller. The gain appears to depend strongly on the 1– V

slope at Vg, as might be expected. Neither the gain nor the
output admittance appears to be directly affected by the

subgap current; it is shown in the next section that the

larger output admittance at T = 3.4 K is due to the larger

LO voltage needed to “achieve minimum noise.

The output admittance usually has a substantial imagin-

ary part, even though ~0 is very small and even when Y,

and ~. are real. This can be important when connecting

the mixer to an IF amplifier. In the limit ~0 + O, it cart be

shown that Im ( YOUt) = O when Yi = Y,*, but this limit is

not always approached in practice, and it can be advanta-

geous to operate with substantially different ~.

The case ~ = Y. = YOPtis of particular practical interest

because a wide-bandwidth mixer is likely to have equal

signal and image terminations. ‘Ilk condition is marked

by a cross in IFigs. 3 and 5. YOP, is not necessarily the

optimum signal admittance under the constraint ~. = Y.,

but for these junctions it appears to be quite close. We find

that the theoretical junctions have large, negative gain at

this point, whereas the measured junction has small, posi-

tive gain.

B. Bias Voltages

The. dc bias V~C and LO amplitude (RF bias) VL affect

the noise parameters in a highly nonlinear way. For certain

ideal ‘junctions, including our theoretical one at T = O, the

lowest Ttin must occur as VL -~ O, since then the LO-

induced shot noise is minimized; indeed, we have already

shown that the quantum limit is /achieved at low VL. It is

also necessary to set the dc bias slightly below V~, so that

there is no dc current in the absence of LO and yet the LO

waveform samples the upper portion of the curve during’

part of the cycle. Under these constraints, we obtain

T~in = Tql for a wide range of ~[C and VL. Furthermore,

perhaps surprisingly, the associated gain remains high even

as VL ~ O.

For even slightly nonideal junctions, such as our theoret-

ical one at T = 3.4 K, the situation is more complicated.

The lowest T~ti occurs at nonzero VL, and is more sensitive

to the choice of V~C.This can be seen in Fig. 6, where Tfin

and G. are plotted as functions of V~Cand V~ with ~. = O

(open-circuited image) for both the theoretical and mea-

sured junctions. The lowest T&n is obtained when a =

qVL/hfL is near 0.7 for the theoretical junction and near ‘

1.4 for the measured junction; these values change very

little at other image admittances, so they are the values

used in the other simulation studies of this paper. It can be

seen that our choice of V~Cat the center of the first photon

step does not quite minimize Ttin, but it remains close to

the minimum for all image terminations.

A rough understanding of this behavior may be had

from the following argument. The component of the junc-

tion’s current fluctuations due to ~& has a flat power

spectrum, and so it is just as significant at ~o, the IF, as at

the signal and image frequencies. Since noise temperature

is referred to the input, this IF noise can be overcome if

there is sufficie~t gain. (Of course, gain is also needed to

overcome the noise of the following amplifier, but at this

point we are concerned only with the mixer noise.) Thus,

the lowest noise should be obtained for regions of

( V~c, VJ-space where gain G. is high. However, since l~C is

partly due to rectified LO power,, the lowest possible VL

should be used. For the theoretical junction, which has a
discontinuity in current at Vg, Ihe gain remains fairly

constant as VL ~ O, and the noise decreases as expected

until about a = 0.7; below this point the noise increases,

and at present this is not understc,od. The measured junc-

tion, which has a finite slope in its 1– V curve at all

voltages, shows maximum gain and minimum noise at
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Fig. 6. Contours of constant Tmln and G: versus I& and VL for two yrnctlons. The ordinate is a = qV’ /hfL and the absicca
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were calculated for j“ = 200 GHz, L = 200.1 GHz, Y = 0. (a). (b): Theoretic~ f– J“ at T = 3.4 K. (cL (d): Measured I– V.

nearly the same V~. In this case, higher LO voltage is

needed to pump the weaker nonlinearity.

In order to compare the two theoretical junctions more

closely we also simulated the T = O junction with a = 0.7.
It is found that YOP,, YOU,, and Ga become essentially

identical for the two junctions; thus, the signal parameters

are not significantly affected by the small subgap current.
The noise temperatures T~in and T~ are increased by 0.5 K

and 0.1 K, respectively; the minimum noise of the 3.4 K
junction remains about 0.5 K higher (Fig. 3(a)), and only

this small excess can be attributed to the intrinsic junction

noise.

C. Stability

We have seen that the output admittance of an S1S

mixer sometimes has negative real part when the source

admittance has been chosen for minimum noise. The IF

load impedance must then be carefully chosen if oscilla-

tions are to be avoided. It might seem that a good alterna-

tive would be to avoid this unstable region by selecting

VdC, VL, and ~ so that Re(YOU,) >0 at Y,= YOP,,especially

since the condition can often be achieved with T~in near its

lowest value. But in practice this is not sufficient to ensure

stability, because: firstly, the biases and admittances may

need to be adjusted before the desired values are achieved,

and if the circuit becomes unstable during this process

then the correct values may never be found; and secondly,

even if conditions are established that ensure stable oper-

ation at one input frequency, the circuit may be unstable

at other frequencies where the embedding admittances are

quite different, including frequencies well outside the band

of interest. It is therefore important to inquire whether an

S1S junction can be unconditionally stable within a useful
and practical range of V&, ~~, and Y,.

The stability of a two-port maybe fully characterized by

Rollett’s invariant stability factor [20], defined by

2Re(yll)Re(yZ~) –Re(y’lQhl)
K= (16)

IY12Y211
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D. Frequency and Sideband

(a) (b)

Fig. 7. (a) Stability factor K versus image termination reflection coeffi-

cient for measured junction. The region of unconditional stability is

shaded. For the theoretical junctions, no stable region was found. (b)
K=l contours versus IF load reflection coefficient for each of the

junctions. The stable region is to the left of each contour. (1) Theoreti-

cal junction, T=O (unstable region very small); (2) theoretical junc-
tion, T= 3.4 K; (3) measured junction.

The two-port is unconditionally stable provided that

Re(ylJ >0, Re(y22) >0, and K >1.

Stability factor K was computed for the simulations of

Figs. 3–5, i.e., for each of the three junctions at ~~ = 200

GHz with fixed biases in the low-noise region. It is found

that there is no value of ~. that gives unconditional

stability for either of the theoretical junctions under these

conditions, and that the stable region for the measured

junction is fairly small (Fig. 7a). Larger stable regions

could probably be found if V~C and V~ were varied, or if

the 1–V curves were less sharp compared with lzfL/q, but

all of these lead to higher noise.

Since it is not possible to guarantee stability for all

source and load admittances, what admittances can be

used? We could consider limiting the range of Y., ~.,

and/or Y,, where Y, is the IF load admittance. It is most
practical to limit Y,, because in most cases ~0 << ~~, so that

Y[ can be set more accurately by the designer than either

Y, or ~. This is especially true when ~~ >100 GHz, where

fabrication tolerances are often a significant fraction of a

wavelength. We therefore assume that Y, and ~. may differ

substantially from the desired values or that they may

require adjustment over a wide range, whereas we assume

that Y, can be specified in advance. Under these cir-

cumstances it is useful to consider a new two-port formed

from the three-port mixer model of Fig. l(b) by connecting

a fixed termination to the IF port rather than to the image

port. If this two-port is unconditionally stable, then the

mixer is stable for any Y, and ~.. The stability factor for

this new two-port is shown for each of the junctions in Fig.

7(b).
It appears from Fig. 7(b) that the T’= O theoretical

junction is more stable than the others, in that its region of
unconditional stability covers most of the YI Smith chart.

But this comes from the use of R. as the reference

impedance for the charts; Fig. 5 shows that the output

admittance YOUt remains well below l/R. for the T = O

junction, but is 50 to 100 times larger for the other

junctions.

Simulations were carried out for the same three 1– v

curves at LO frequencies of 50 and 100 GHz as well as 200

GHz, for IF’s up to 20 GHz, and for lower sideband as

well as upper sideband signals. The results are qualitatively

similar to those already presented, except for the following

points.

With lower sideband signals at small ~. the sign of the
reactive part of all admittances is reversed. For example, it

can be seen from Fig. 4 that the optimum admittance

tends to be slightly capacitive for the upper sideband case;

for lower sideband signals it is slightly inductive. Similarly,

the output admittance for a given signal and image admit-

tance is conjugated.

Tfi is nearly proportional to j;, as is T~l, and hence Tmin

is slightly lower in the lower sideband. This holds for all

three junctions simulated here. H[owever, for the measured

1– V curve only, T~i~ departs fl.u-ther from Tql as ~~ is

decreased, and the region of high gain is reduced; at 50

GHz, the lowest T& is about 8 K and no region of

negative G. was found. This junction is then near the limit

of quantum mixing effects, and it is behaving more and

more like a classical resistive mixer as hfL/q becomes

small compared to the region of rapid current rise on the

1– V curve.

IV. COUPLING TO AN IF AMPLIFIER

The usual reason for using a mixer as part of a sensitive

receiver is to convert the signal tcl a frequency where it can

be more easily analyzed. The mixer output must therefore

be connected to some (necessarily noisy) signal processing

circuitry, typically beginning with a low noise amplifier.

Whatever the nature of this processing, we shall call it the

“IF amplifier” and assume only that it can be treated as a

noisy two-port linear network.

The noise temperature of the cascade combination is

given by (l). We have seen that it is possible to have

T~X, - Tql = 4.8 K at 200 GHz. Practical microwave

amplifiers can have T~p <10 K at frequencies ~0 <10

GHz if they are cryogenically cooled [30]; in fact, TmP = 3.5

K has been achieved at 1.5 GHz [31]. Nevertheless, the

second term of (1) will dominate if G~X, <<1, so that

achieving high mixer gain is at least as important to the

overall receiver noise as is achieving low mixer noise. It

should be emphasized that it is the exchangeable gain [17]

(exchangeable output power power divided by power avail-

able from input source) that matters here, not the trans-

ducer gain (power delivered to output load divided by

power available from input source); in many earlier papers

on S1S mixers only transducer gain was considered. In

addition, T~P may be much larger than its minimum value

if YOut is far from the amplifier’s optimum source admit-

tance. Since T~X,, G~X1, and YOutall depend on the mixer’s

operating parameters, it is not at all obvious from (1) what

mixer parameters will lead to the lowest T,CV,.

Let the noise parameters of the amplifier be { T~i~,

T:, Y:pt }, and let those of the complete receiver be
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{T&~, T:, %’& }- Then, using (2) for both the mixer and
amplifier, we have

Iys - Kptl’ T&,
T +—

rcw = ‘~n + ‘d Re ( Y, ) Re ( YoPt) ‘m,,

T; Iyout – Y:pt I2

+ G~~ Re ( G) Re ( %,)

Iy - Y:pt]’
‘~&+T; Re(Y~)Re(y~Pt) “

(17)

(18)

Now consider the introduction of a lossless coupling net-

work between the mixer and amplifier. If we regard the

coupling network as part of the amplifier, then T:ln and

T: are unchanged, and Y~Pt can be transformed to any

desired value by proper choice of the network. Thus the

coupling affects only the last term in (17). This term has

two extrema as a function of Y:Pt, at Y~Pt= YOut and at
Y~Pt= – YO~t. If Re ( YOUt) >0, then the first case yields

minimum amplifier noise. ~.P = T,&n; but if Re ( YOut) <0,

the second case yields muumum absolute value of ampli-

fier noise with

T~~P= T&, = T:ln –4T: <0. (19)

If the coupling network is selected in this optimum way,

(17) reduces to

~rcv, = T~,n + Td
lx - Yoptl’

R+’moopt)

1

{

T:,., if G~X, >0
+—

G X T:,~ , otherwise
(20)

mxr

where we have used the fact that G~X, and Re ( YOUt) have

the same sign. For a given amplifier either T$~ or lT&\

might be smaller ([32] gives an example of each case),

However, there are other constraints on the design of the

coupling network. If the stability criterion adopted in

Section III-C is to be satisfied, then the load admittance Y[

must be kept large. But since YOU~is small in the region of

high lG~X,l, we desire Y~Pt to be small. The usual practice

ifi designing low-noise amplifiers is to attempt to make the

;nput admittance equal to the optimum admittance (and

both equal to a convenient transmission line characteristic

admittance), and yet we have found that just the opposite

is required here. If Y~Pt= Yi for the original amplifier, then

the coupling network can transform both to another ad-

mittance, but they will still be equal. However, the ampli-

fier need not have this property. The active devices used in

microwave amplifiers (especially FETs and HEMT’s) often

have quite different intrinsic input and optimum admit-

tances; furthermore, a more general lossless embedding

network than our coupling network (including feedback)

can allow Y~Pt and Yl to be set separately, within practical

limits. This suggests that a practical design approach would

be the following. For fixed active devices in the amplifier,

embed them in a network which achieves an input admit-

tance Y, that is safely inside the region of unconditional

*-
MIXER AMPLIFIER

(a) (b)

Fig 8 Noise model for mixer-amplifier cascade (a) Noise sources at

input of each dewce. (b) All noise sources transformed to mixer input.

stability for the mixer; under this constraint, adjust the

optimum source conductance Re ( Y~Pt) to be as small as

possible. If the embedding network is lossless, then the

noise parameters T:,, and T: will be determined only by

the active devices.

Having selected the best practical IF amplifier and

coupling network, we can minimize the receiver noise by

adjusting the mixer parameters V&, V~, ~, and Y,. This

will result in a tradeoff between the mixer’s contribution

(first two terms of (17)) and the amplifier’s contribution.

To investigate this further, we shall need the noise parame-

ters of the complete receiver. Consider the model of Fig.

8(a) where the noises of the mixer and amplifier are

represented by current and voltage sources at each of their

respective inputs. (The mixer noise sources em and im can

easily be related to the sources ~i{ and i3ij in Fig. l(d).)

The correlation matrix of the amplifier noise sources is [33]

(21)

[

4T;/G& T:n – 4T~Y$t/G:Pt
=k

%,. - 4Tx:;/G& 4G7y:ptl2/G:pt 1
where Y&= G&, + ill$t. Similarly, let n., be the corre-

sponding matrix for the mixer.

The amplifier noise sources can be replaced by equiv-

alent sources at the mixer input, as shown in Fig. 8(b),

where

[:il=a[tl 1[ ‘“ 11witha=— —
y’~ Y] 1Y22 – Y12Y21 .?31

(22)

c is called the cascading matrix of the mixer. These noise

sources have correlation matrix [33]

a ~=an~aT (23)

where superscript T denotes the conjugate transpose. The

sources of Fig. 8(b) can be replaced by a single pair

er=em+e~, ir=im-bi~, representing the noise of the

complete receiver. Since the mixer and amplifier noise

sources are independent, the correlation matrices simply

add, giving

nr=nm+an~a T. (24)

This is the generalization of the simple noise cascading

formula (l). From n,, we can find the practical noise

parameters of the receiver { T~,n, Tj, Y:Pt }.
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TABLE I

RECEIVER NOISE SIMULATIONS

Tmin Td Y Gmxr Tamp
KK l%st K

S1S Juaction only, 208..5 G% 7.96 3.60 24.2 + iO.72 + 6.11

HEMT only, 8.5 GHz 10.3 3.45 1.48- i5.48
Cascade directly 150 39.1 20.4– iO.11 +21.4 3026

Cascade with shunt L 21.3 7.49 17.1 + iO.18 +266 3439
Cascade with optimum ~ 19.5 6.98 17.5- i2.00 –1.86 -19.6

The S1S junction parameters are computed from the measured 1-V curve
with f= = 200 GHz, f. = 8.5 GEL+ J’& = 2.535 mV, a =1.4, R. = 68.80. For all

but the last line, ~ = O. The HEMT 1s a Fujitsu FHROIFH with noise

parameters at 8.5 GHz from [30]. The “shunt L“ is a parallel inductor of 0.34

nH, and the “optimum ~“ is ~ = + i5.96 mS

Simulations of the receiver noise parameters have been

calculated in this way for a few interesting cases. An

example is given in Table I, where the measured noise

parameters of a cryogenically cooled HEMT [30] at 8.5

GHz are used along with calculated noise parameters for

the measured S1S 1–V curve of this paper at j“ = 200

GHz. It can be seen tliat if the HEMT is connected

directly to the S1S junction (no coupling network) then

there is a very large noise contribution from the amplifier

because YOU, is far from Y&Pt. If a shunt inductor is

connected at the HEMT input so that Y:!t becomes nearly

real, then the receiver noise is much reduced, although the

amplifier noise actually increases. In this case lower overall

noise is obtained by setting the source admittance for high

mixer gain and accepting high amplifier noise. If the mixer

parameters are then varied YOU,can be brought closer to

Y~Pt, but at a sacrifice in T& and G-,. The last line of

Table I shows the result of optimizing T& by varying

only the image tenhination; here the tradeoff favors low

IG=I and low IT..P[.

V. PRACTICAL CONSIDERATIONS

A. Image Termination

This paper has shown that the performance of an S1S

mixer depends strongly on the image admittance Y,. But in

practice it is difficult to construct a millimeter-wavelength

circuit (whether in waveguide or in planar transmission

lines or in some combination thereof) in which the admit-

tances at two nearby frequencies like ~f and ~1 are sep-

arately determined. Typically, one obtains either a broad-

band circuit in wtich the admittances are nearly equal, or

a narrow-band circuit in which the admittance at one

frequency is tuned to the desired value but the admittance

at the other frequency is uncontrolled. Since S1S junctions

usually include a large shunt capacitor, narrow-band cir-

cuits often result in the junction’s being nearly shorted at

the uncontrolled frequency. As Figs. 3 and 5 show, a
shorted image port is nearly ~the poorest choice with re-

spect to noise and gain for practical junctions, although it

results in better stability (Fig. 7(a)). If a broad-band circuit

with ~. = Y, = YOPtcan be realized, it would seem to be

better; but it is then necessary to keep the image termina-

tion cold in order to minimize its thermal noise. Since

signal and image (and perhaps LO) usually share a single

physical port (e.g., waveguide), a low-loss, cold filter “is

required.

B. Bandwidth and Out-of-Band Frequencies

The calculations of this paper have been done for a

single input frequency or output frequency, but in reality a

band of frequencies in involved. The optimum source

admittance of a pumped S1S junction varies little over a

wide range of jO, but the input c;rcuit can approximate it

only over a finite bandwidth. Similarly, the IF amplifier,

including its coupling network, will produce low noise and

sufficient gain only over a finite bandwidth. Either the

input circuit or the IF amplifier might limit the useful

bandwidth of the receiver. There is usually a band of

interest for the application, and the designer attempts to

make the useful bandwidth cover this band. But even if he

succeeds in this, problems may arise at fre@encies outside

the band of interest. This is particularly true of stability;

designers of high-gain microwave amplifiers are well aware

of the problem of out-of-band oscillations, and the same

problem occurs in S1S mixers that have the potential of

high gain over a wide bandwidth. The mixer can still be

stabilized by maintaining sufficiently large load admit-

tance ~ (Fig. 7(b)), but it is important to realize that this

must be clone over the full range of ~0 where there is

potential instability, not just over the band of interest.

Another out-of-band problem with S1S mixers is satura-

tion, Although not otherwise discussed in this paper, it is

worth pointing out that if the input to an S1S mixer

consists of broad-band noise at high equivalent tempera-

ture. then sufficiently high rms sig,nal voltage may develop

across the junction so that it can no longer be treated as a

linear device. In practical circuits, the highest voltages

usually occur at the IF. This can be minimized by keeping

Yl large, but again this must be done for all significant

frequencies, since saturation at out-of-band frequencies

will also affect the performance in the band of interest

[34].
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