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Abstract —For the most part, S1S receivers hale failed by a wide margin

to achieve the sensitivity promised by theory. One of the main reasons for

this is the cliff iculty of providing appropriate embedding impedances at the

signal and image frequencies and at the higher harmonic sidebands. We

describe an S1S mixer with a broad-band integrated tuning structure. The

mixer is tunable from 85 to 116 GHz and at 114 GHz has a noise

temperature <5.6 K DSB and unity DSB conversion gain. The mixer

noise temperature is less than or comparable to the photon noise tempera-

ture hf/k = 5.5 K. Referred to the mixer input flange, the recei} er noise

temperature is <9.5 K DSB when operated with an L-band HEMT IF
amplifier. Saturation measurements have been made using CW and broad-

band noise sources.

I. INTRODUCTION

sINCE THE first reports [1]–[3] of its successful use

in,1 979, the superconductor– insulator–superconductor

(S1S) tunnel junction mixer has been recognized as the best

front end for low-noise millimeter-wave receivers [4]. This

is a result of the extremely low shot noise, potential

conversion gain, and low local oscillator (LO) power re-

quirement of S1S mixers. Currently, about ten S1S re-

ceivers, operating from 43 to 290 GHz, have been reported

in routine use on radio telescopes around the world, al-

though most of these have sensitivities little or no better

than their main competitor, the Schottky-diode mixer re-

ceiver. We believe a major reason S1S receivers have been

slow to develop their full potential is the difficulty of

providing appropriate embedding impedances at the signal

and image frequencies and at the higher harmonic side-

bands (na~o + UIP).

As a circuit element, the S1S junction is well described

as a nonlinear tunneling conductance in parallel with a

constant junction capacitance. In many cases the nonlin-

earity of the conductance is so sharp that quantum effects

dominate its behavior and classical circuit analysis is inad-
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equate to describe its operation as a mixer. A quantum

theory of mixers published in 1979 by Tucker [5] gives the

theoretical framework for analyzing S1S mixers. In its full

form this theory is extremely complex and difficult to

apply. However, if the junction capacitance is relatively

large, a three-frequency approximation [6] to the full the-

ory is justified, and this has been found to give good

agreement with experiment [7], [8]. The three-frequency

approximation assumes that all RF components except the

LO and the upper and lower sidebands u Lo + u ~~ are

short-circuited at the junction terminals. A more complete

analysis of an S1S mixer using Tucker’s quantum mixer

theory has been attempted only for a few special cases

[9], [10], which appear to indicate that the existence of

higher harmonic sideband voltages reduces the conversion

efficiency of the mixer.

A parameter useful in characterizing S1S junctions is the

OR ~C, product. Here o is the LO frequency, R ~ is the

normal-state junction resistance, and C, is the junction

capacitance. The earliest published results for S1S mixers

indicated that a junction (or array of junctions) with an

aRnCJ product of -5 was desirable if a relatively large

conversion efficiency was to be achieved [11]. More recent

mixer experiments continue to support this observation.

The need for such a large junction capacitance is probably

to provide low embedding impedances at the LO harmon-

ics and harmonic sidebands. To match such a highly

capacitive device to a practical mount impedance requires

a more complex circuit than normally used with Schottky

diode mixers. If movable waveguide short circuits are used

as the only matching elements, it is difficult to achieve

broad-band tuning (broad-band in the sense that the junc-

tion sees nearly equal impedances in the upper and lower

sidebands) and it is even more difficult to arrange for both

sideband embedding impedances to be in the range neces-

sary for low conversion loss or some gain. For this reason

the mixers described in this paper have an inductive tuning

element integrated with the junction (or array of junctions)

to tune out the junction capacitance.

The need for an inductive tuning element integral with

the S1S junction has been recognized by other workers,

and several approaches have been tried with varying de-

grees of success. D’Addario [12] used a short supercon-
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Fig. 1. (a) Simplified diagram of an inductively shunted, two-junction S1S mixer. The tuning inductor is a short parallel-strip
transmission line with an RF short circuit at its right-hand end. (b) Equivalent circuit, including the mutual inductance

between the array and the tuning inductor. (c) A more tractable form of the equivalent circuit.
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Fig. 2. (a) 1000X scale model of the inductively shunted S1S array, with the array simulated by a 98 0 chip resistor in

parallel with a 99 pF chip capacitor (these are not scaled values of the actuaJ S1S array resistance and capacitance). (b)

Measured impedance versus frequency for inductor length 1=20 mm. (The dominant inductive reactance is that of the
external circuit, LX in Fig. 1.) (c) L1 and ( LI + L.) as functions of 1, deduced from measurements on the model The

variation of -Ll vath 1, and the departure of the ( LI + L2 ) curve from a straight line, are due to the mutual inductance

ducting microstrip line terminated in a dc and IF blocking

capacitor. Raisanen et al. [13] have used an open-circuit

superconducting transmission line stub slightly longer than

a quarter wavelength to provide the necessary inductance

to tune out the junction capacitance. The useful frequency

range of such a mixer is limited by the rapid variation of

reactance with frequency for this stub. The present authors

[14], [15] have used capacitor-blocked short two-wire trans-

mission line stubs across waveguide mounted S1S arrays, a

design which was unsuccessful because of the effects of the

parasitic series inductance of the arrays. Woody [16] and

Li et al. [17] have experimented with a similar approach

using inductive wires across individual S1S junctions and

arrays.

In the present paper we describe an S1S mixer using a

series array of two Nb/oxide/PbInAu edge junctions. A

broad-band tuning structure in parallel with the junctions

consists of a short two-wire transmission line stub and a

quarter-wave parallel-plate transmission line dc and IF

block. The mixer is tunable from 85 to 116 GHz and has a

double sideband (DSB) equivalent input noise temperature

of <5.6 K and unity DSB conversion gain at 114 GHz. In

a laboratory test Dewar with a room temperature feed

horn and a HEMT IF amplifier, i he mixer gave an overall

receiver noise temperature of 40 K DSB at midband when

operated at 2.5 K. Referred to the mixer input flange, the

receiver noise temperature is <9,5 K DSB.

II. DESIGN OF THE INDUCTIVEI.Y SHUNTED JUNCTIONS

In principle, a lumped inductance connected ,across an

S1S junction could tune out the junction capacitance and

allow an instantaneous RF (fractional) bandwidth of the

order of 2/tiR *CJ. (This result is exact if both the source

resistance and the input resistance of the junction operat-

ing as a mixer are equal to N ~.) The lumped tuning

inductance needs a dc block if it is not to short-circuit the

junction at dc and IF. In a practical mixer, additional

fixed and adjustable tuning elements may be needed to
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couple efficiently between the waveguide and the junction

over a reasonable tuning range. The instantaneous band-

width is then likely to be less than in the ideal case, but

can be sufficient to allow the upper and lower sidebands to

be appropriately terminated.

A. Two-Wire Stub Inductor

A simplified diagram of an inductively shunted two-

junction array and its equivalent circuit [14], [15] are

shown in Fig. 1. The array is shunted by an electrically

short two-wire transmission line stub (loop) whose induc-

tance is determined by the length 1. The inductance LB is

that of the two-wire stub. LA is the series inductance of

the array itself and should be kept small to avoid an

impedance transformation between the effective junction

resistance Rj and the external circuit. Lx is the inductance

of the leads to the external circuit, and depends on the

structure in which the inductively shunted junction is

mounted (e.g., whether a waveguide, stripline, or quasi-

optical mount is used). The quantity M is the mutual

inductance between the stub and the array of junctions.

The circuit of Fig. l(c) is a more tractable form of Fig.

l(b), and will be referred to in the following discussion.

For the 85 –116 GHz mixer described in this paper, a

1000 x scale model of the inductively shunted S1S array,

Fig. 2(a), was used to measure the values of L1 and Lz as

functions of the loop length 1, using a procedure similar to

that described in [14] and [15]. The S1S array was simu-

lated by a chip resistor and a chip capacitor. The two-wire

transmission line stub had a movable shorting bar to

adjust the length 1. A ground plane was mounted below

and parallel to the conductor pattern but far enough below

it not to interfere with the behavior of the resonant circuit

around the junction. A vector network analyzer was used

to measure the impedance of the circuit. A typical mea-

surement of impedance versus frequency is shown in Fig.

2(b). From this, the values of Ll, L2, and Lx + M for one

position of the shorting bar are deduced. Fig. 2(c) shows

the measured values of (Ll + Lz) and LI versus loop

length 1. The curvature of these graphs at small values of 1

is a result of the dependence of the mutual inductance M

on 1. For the mixers reported here L1 and M are small

enough not to affect the design profoundly: however, scale

model measurements show that this is not always the case,

particularly at high frequencies or when longer arrays are

used [14], [15].

B. DC and IF Block

The dc block must be chosen to have acceptably high

impedance at dc and IF while not appreciably changing

the RF circuit. The use of a lumped capacitor as a dc block

can be impracticable. Unless the capacitance is much

greater than the array capacitance, the RF bandwidth is

reduced. However, it is often difficult to fabricate a suffi-

ciently large capacitor with electrically small dimensions

because the propagation velocity in the region between two

superconducting capacitor plates separated by a thin di-

electric layer of high relative dielectric constant can be less

than 10 percent of the free-space velocity. A second possi-

ble drawback of the simple lumped capacitor dc block is

its effect on the IF circuit. If the capacitance of the block

is chosen to be large compared with that of the S1S array,

it may not be negligible at the IF. By using the quarter-wave

stub dc block described below, these disadvantages are

largely overcome. The successful use of the quarter-wave

dc block in an S1S mixer was first described in [15], and it

has also been used in [17].

Because of the unique properties of superconducting

transmission lines [18] –[20], it is possible to make a low-loss

parallel-plate quarter-wave stub with very low characteris-

tic impedance whose physical length is many times smaller

than a free-space quarter wavelength. Consider a super-

conducting parallel-plate transmission line whose conduc-

tors are separated by a dielectric of thickness t and relative

dielectric constant c,. The London penetration depths A ~,1

and ~ L3~ of the upper and lower conductors are assumed

to be much smaller than the conductor thicknesses. Assum-

ing TEM-mode propagation and negligible fringing at the

edges of the transmission line, the phase velocity relative

to that of free space is

u

( t )
1/~

— —— (1)
(!)0 6,(t+AL,1+AL,2) “

The characteristic impedance of the parallel-plate line is

At the IF, the capacitance of the parallel-plate line of

length 1~ is

(3)

For a parallel-plate transmission line with a Nb lower

conductor (X ~,2 = 105 nm) and a PbInAu upper conductor

(AL,, = 150 nm) separated by Nb,O, dielectric layer (c, =

29) of thickness t=70 nm, equation (1) gives a velocity

slowing factor of 11.6. For operation at 110 GHz this

requires a stub length [B = 59 pm. With w = 6 pm, equa-

tion (2) gives 20= 1.8 n, and (3) gives C~ = 1.3 pF.

If an open-circuit transmission line stub is a quarter

wavelength long at frequency ~0, its reactance varies with

frequency according to

(4)

It follows that, with 20 = 1.8 L?, ]X~/ <10 over almost a

2:1 frequency range, and IX~l <0.5 !2 over a 34 percent

bandwidth.
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Fig. 3. (a) Diagram showing the S1S junctions and tuning circuit,

amr’oxiruately to scale.The tuning inductance is defined by the length
/. The superconducting padlel-plate quarter-wave dc blocks are 11.6

times shorter than a free-space quarter wavelength. (b) Conceptual

(approximate) equivalent circuit using coaxial quarter-wave stubs.

C. Final Design

The configuration of S1S junctions, tuning inductor, and

dcblock usedin the present work is shown in Fig. 3(a).

The dc block consists of two quarter-wave parallel-plate

transmission line stubs formed on top of the legs of the

tuning inductor. (Two stubs are used for convenience of

fabrication.) The upper conductors of the stubs are con-

nected by the “shorting bar” whose position determines

the total inductance. Operation of the circuit is most easily

understood in terms of an approximate equivalent circuit,

Fig. 3(b), in which the parallel-plate quarter-wave stubs

are replaced with coaxial stubs. The open circuit presented

to the coaxial line at B is seen as a short circuit at the other

end, A. The current flowing around the tuning circuit

transfers from the coaxial center conductor (Nb base elec-

trode) across the virtual short circuit at A to the outer

conductor (PbInAu upper conductor), and completes the

loop via the shorting bar and the virtual short circuit at A’.

While the analogy between the circuits of Fig. 3(a) and (b)

is not exact, it appears to be acceptable for the case under

consideration, in which the characteristic impedances and

phase velocities of the two transmission line structures—

the two-wire line of the tuning inductor, and the parallel-

plate quarter-wave stub—are widely different. The effect

of the long legs of the two-wire line and quarter-wave

stubs extending well beyond the essential part of the

inductive tuning loop was investigated using the 1000 X

scale model, and found not to be significant,

Based on our earlier experience with S1S mixers using

the same waveguide mount, and on measurements on a

PbInAu counter 1

e(ectrode

Nb

E*
base electrode J

f \

Tunnel barrier -’” L Nb2U5 75 nm

Fig. 4. Details of an edge junction as used in the present work, The

electrodes are Nb and PbInAu films, and the junction N confined to

the edge of the Nb film by the Nb205 layer. The junction length is

defined by the SiO window.

scale model of the mount (see Section IV), a normal

resistance between 50 and 100 Q was chosen for the

two-junction array, i.e., 25 to 500 per junction. Choosing

OR ~C1as discussed in Section I then completely specifies

the junction parameters. The capacitance C, includes the

junction capacitance and also the overlap capacitance be-

tween the upper and lower electrodes in the vicinity of the

junction. Fig. 4 shows the details of the edge junctions

used in this work. For the dimens.~ons shown in Fig. 4, the

capacitance of each junction is 1140 fF, and the overlap

capacitance is 28 fF. For a junction with R. = 25–50 0,

this corresponds to @RnCJ= 2.6–5.3 at 100 GHz. It will be

noticed in Fig. 3(a) that both junctions in the array are

formed on the lower edges of their base electrode conduc-

tors. This asymmetrical arrangement is simply an attempt

to ensure uniformity of the junctions.

III. FABRICATION OF THE SUPERCONDUCTING CIRCUIT

The junctions, tuning inductor, and dc block were fabri-

cated using the Nb/Pb-alloy technology developed at IBM

[21]. The major steps in the process are:

(i)

(ii)

(iii)

(iv)

electron beam evaporation of a 230-nm-thick Nb

base electrode onto a room temperature 0.015 -

in.-thick oxidized Si substrate;

anodization in areas defined by a photoresist pat-

tern to form 75 nm of Nb205, leaving 200 nm of
Nb;

CF4/02 RF plasma etching of the Nb/Nb205 bi-

layer using a photomask, forming 45° edges;

definition of junction windows over the Nb edges

by evaporating 275 nm of SiO and liftoff;
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Diagram of the S1S chip and a cross-sectional view of the mixer
block.

bonding pads.

After processing, the wafer was cut into individua10.005

in. X0.010 in. mixer chips which were mounted on the

larger stripline circuit of the mixer.

IV. THE MIXER BLOCK

The receiver measurements were performed using the

NASA/GISS type-D mixer mount [22], [23], shown in Fig.

5. This contains two adjustable tuning shorts which can

provide the junctions with a wide range of embedding

admittances. The S1S chip is soldered to the gold conduc-

tor pattern of the 0.023 -in. -wide X 0.003 -in. -thick fused

quartz suspended stripline circuit, which is mounted across

two quarter-height WR-10 waveguides. The upper wave-

guide (in Fig. 5) is connected on one side to the full-height

input waveguide via a channel waveguide transformer [24]

and is terminated on the other side in a sliding short

circuit. The lower reduced-height waveguide is also termi-

nated in a sliding short circuit to provide an additional

degree of tuning. (The waveguide widths are actually 0.096

in., which is 0.004 in. narrower than standard WR-10, to

permit operation slightly above the normal band.) The

sliding short circuits are of the contacting finger type,
made of gold-plated beryllium copper.

The S1S chip is mounted on the larger suspended stripline

circuit using Alpha B20E2 solder [25] (96°C melting point)

and Supersafe #30 flux [26]. The PbInAu conductor pat-

tern on the chip was masked with photoresist during

soldering to prevent the flux from attacking it.

An equivalent circuit of the mount is shown in Fig. 6(a).

The choice of this form for the equivalent circuit is based

on the work of Eisenhart and Khan [27], [28], from which

we are able to identify the circuit reactance with energy

storage in particular groups of evanescent waveguide modes

excited by particular parts of the mount. The inductances

0,005, x 0,010, CHIP

,

JUNCTION TO VAVEGUIDE

JUNCTION 7RANSF0RMAT1UN INPUT VAVEWIDE

~~ Sl;:m:;. ~

LS L, L2

J
B?+CKSli0R7 I ),,

I I

ON-CHIP 1 ~e ~
TUNING CIRCUIT (a)

-1
B=

‘B

/%

.- —-..

COLg + CJL1 – ~ --.,

p?’’” ‘

‘G ‘.
G= . . . ‘\ .“

lCJC,(CJL~ + UL, -

Ar RF plasma sputter preclean, Ar/CH4 RF plasma
‘)’= w

growth of an NbCXOY diffusion barrier, Ar/02 RF
(b)

plasma oxidation to grow the tunnel barrier, and Fig. 6. (a) Eqmvalent circuit of the mixer. (b) Smith chart (admittance

electron beam evaporation of the PbInAu counter-
coordinates) showing the available range of embedding admittances, Y,
in (a), at 100 GHz. Embedding admittances lying within the shaded

electrode, all with the counterelectrode photoresist circle cannot be obtained with this circuit,

stencil in place;

Ar RF sputter preclean and evaporation of AU L~, L1, and L,2 are associated with the evanescent TE~o

modes (WZ> 1), while the capacitance Cl is associated with

the evanescent TEm. and ‘TM~~ modes. This choice of

equivalent circuit results in elements that are not strongly

frequency dependent, and allows a more intuitive under-

standing of the mount. In principle, the equivalent circuit

element values could be derived from an Eisenhart and

Khan type of analysis. However, in the present work we

used a 40X scale model of the mount and a 1000x scale

model of the S1S chip to measure the element values [23];

typical values are indicated in Fig. 6(a). The tuning range

of this mount at 100 GHz is indicated on the Smith chart

in Fig. 6(b).

V. TEsT IV3CEIVER

The properties of the mixer were evaluated using a test

receiver designed for determining the conversion loss and

noise temperature entirely from noise measurements. A

diagram of the receiver is shown in Fig. 7. The noise

temperature of the whole receiver is measured by the

Y-factor method with hot (room temperature) and cold

(77 K) loads in front of the feed horn. Using the IF switch,

the internal IF hot (20 K) and cold (4 K) loads allow the

noise temperature of the IF section to be determined

accurately. The switch also enables the IF power reflection

coefficient of the mixer to be measured by injecting an

external IF test signal through the circulator while switch-

ing between the mixer and the short circuit reference. A

20 dB directional coupler allows a calibration signal to be

injected directly into the IF amplifier. More complete

details of the measurement procedure are given in Section

VI. The test receiver has certain features in common with

that described in [29], in which the mixer is terminated in a

beatable RF cold load inside the cryostat—an arrange-

ment which allows very precise measurement of the mixer

noise temperature. By using an input waveguide from
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Fig. 7. Block diagram of the laboratory test receiver.

outside the cryostat, our receiver not only is of a configu-

ration useful for radio astronomy [23], but is more suitable

for some RF measurements on the mixer, e.g., measure-

ment of saturation using broad-band noise. The price we

pay is a greater uncertainty in the mixer noise temperature.

The receiver is housed in a vacuum cryostat [30] contain-

ing a liquid-helium-cooled cold plate and a liquid-nitro-

gen-cooled radiation shield. The pyramidal feed horn is

coupled to the mixer through a section of coin silver

waveguide, a vacuum window, a stainless-steel waveguide,

and a 20 dB branch line LO coupler which is well con-

nected thermally to the 4.2 K cold plate.

The stainless-steel waveguide is 2.4 in. long and is at-

tached to a 77 K heat sink 0.7 in. from its room tempera-

ture end. It is copper plated on the inside [31] to a

thickness of 0.6 pm, which reduces its midband loss to

-0.10 dB/in. at room temperature.

The vacuum window is a low reflection PTFE/fused

quartz/PTFE sandwich epoxied into a short WR-10 wave-

guide section. The quartz and Teflon layer thicknesses are,

respectively, 0.0159 in. and 0.0222 in. The surface of the

Teflon is chemically treated [32] to achieve good adhesion

with Eccobond 45 [33]. The return loss of the window is
>25 dB from 11O to 116 GHz and >15 dB from 90 to

116 GHz.

The biasing scheme for the mixer is described in [34].

The bias voltage for the mixer is developed across a cold

50 Q resistor in the bias T by a current source external to

the Dewar. Two servo loops are used: the inner one

controls the current source to maintain a constant voltage

across the junction, while the outer loop adjusts the LO

drive level to maintain a preset junction current. All bias

and monitor connections enter the Dewar through four-

element 10 kHz low-pass feed-through filters.

The single-pole four-throw coaxial IF switch [35] was

modified to prevent static charging of the moving contact

bars during switching. Static charge generation by the

motion of the contact bars against PTFE guide pins was

found to occur intermittently in all the commercial switches

we tested, and was responsible for the destruction of many

of our early Pb alloy S1S junctions. To avoid this, a

grounded 10 kfl chip resistor was connected by a 0.25 -in.-

iong, 0.002-in.-diam”eter beryllium copper sp~ing wire to

each moving contact bar. The wires, mounted in channels

machined in the base plate of the switch, form short

high-impedance transmission lines, and are sufficiently

flexible not to restrict the movement of the contact bars.

The return loss of the modified switch was >26 dB over

1–2 GHz, which is comparable to that of the unmodified

switch.

The circulator and the isolator were designed for cryo-

genic operation [36], and have a 20 dB isolation bandwidth

of -400 MHz. The 20 dB directional coupler is of the air

dielectric stripline type [37], and the only modification

necessary was to drill a small breather hole in the lid.

The cold attenuators [38] have nichrome film resistive

elements, well heat sunk by an alumina substrate held in
the attenuator barrel by firm spring clips. The conductive

rubber contact buttons between the connector center con-

ductors and the edge of the substrate were replaced by

bellows contacts [39].

The 4 K and 20 K loads were commercial medium

power terminations [40] with nichrome film resistors well

connected thermally to copper housings. The heated

(20 K) load was connected to the switch by a 2.O-in.-long,

0.085 -in. -diameter stainless-steel coaxial cable whose loss

(0.21 dB at 15 K) requires a small correction (0.27 K) to

the effective hot load temperature referred to the switch.

The noise temperature of the L-band IF section, mea-

sured by switching between the internal hot and cold

loads, is 3.2 K at 4.2 K physical temperature, and 2.9 K at

2.5 K physical temperature. (At 1.4 GHz the HEMT IF

amplifier itself [41] has a noise temperature of 1.9 K at

physical temperatures of both 4.2 K and 2.5 K.) An IF

bandwidth of 50 MHz at 1.4 GHz was used for the

measurements reported here.

VI. MEASUREMENT METHOD

As generally used in the microwave community, noise
temperature is actually a convenient way of expressing

noise power per unit bandwidth. At the temperatures and

frequencies normally encountered in microwave engineer-
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ing, the noise power available from a resistor or load at

physical temperature 7“~Y, is given by the Rayleigh–Jeans

law: P = kTPhy,B. At high frequency and low temperature

it is necessary to use the more general expression of Callen

and Welton [42] for the radiated power to take account of

the departure of the blackbody radiation curve from the

Rayleigh–Jeans law:

hfB hf
P= — coth —

2 2kTPhy, “
(5)

The Callen and Welton expression follows the Planck

radiation law with the addition of the zero-point fluctua-

tion power hfB/2. Throughout this paper, physical tem-

perature TPhy, is converted to available noise power ac-

cording to (5), which is then represented by radiation

temperature T r = P/kB. Likewise, all other noise powers

are represented by temperatures according to T= P/kB.
In fact, the differences in the noise temperatures given by

the Rayleigh–Jeans law and the Callen and Welton law at

114 GHz are 0.9 K at TPhy,= 2.5 K and 0.6 K at TPhy,=
4.2 K, but only 0.03 K at Tphy,= 77 K. Note that, in using

the Callen and Welton law, the incident signal power

calculated at the input of the mixer includes the zero-point

fluctuations; thus, a double sideband mixer can in theory

have a noise temperature of zero without violating the

requirements of the uncertainty principle. For a further

discussion of these issues, see [43].

The overall receiver noise temperature ~ is measured by

the Y-factor method using room-temperature and 77 K

blackbodies in front of the room-temperature feed horn. If

the insertion loss from the input of the horn to the mixer is

L, and the effective noise temperature of this loss is ~

referred to the input of the receiver, then the intrinsic

receiver noise temperature T.’, referred to the input of

mixer, is given by

~=L,~’+~. (6)

T,’ is related to the conversion loss Lc and the noise

temperature ~~ of the mixer through

~ = T~ +T,o+ LC(T1, + \1701’Tb) (7)

where T~o represents noise from the LO system injected

through the LO coupler, T1~ is the effective input noise

temperature of the IF system, and IrOI‘Tb is the IF noise

reflected by the mixer from the termination at temperature

T~ on the IF input circulator. The receiver can be tuned for

either single sideband or double sideband response, and

(6) and (7) are valid in either case provided ~, T~, and Lc
are all either single sideband or double sideband quanti-

ties.

Since T, and T1~ are linearly related, measurement of T.
for two known values of T1~ enables T~ and Lc to be

determined provided the constants L,, ~, T~o, and lrOl 2Th

are known. Our procedure is a variation of that described

by Trambarulo and Berger [44] and is chosen because of

its relative insensitivity to drift in the overall system gain

during measurements. In the test receiver, T1~ can be

changed by injecting IF noise through the directional

i
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Fig. 8. Typical dc I– V curves with and without LO power applied to

the mixer. These curves were measured at 4.2 K (––-) and 2.5 K

( —) with the LO at 114 GHz. The mixer tuning and LO power

were adjusted to give a horizontal step below the gap voltage.

coupler toward the IF amplifier. The effective T1~, mea-

sured at the input of the coaxial switch, is determined from

a Y-factor measurement by switching the input of the IF

amplifier between the 20 K heated load and the 4.2 K

load. Using this method, T1~ can be measured with an

accuracy better than 0.5 K. The factors affecting the

accuracy of these measurements are discussed in Sec-

tion VII.

The test receiver allows the mismatch at the IF port of

the mixer to be determined. Depending on the IF switch

setting, an IF signal (CW or noise) can be injected through

the circulator towards either the mixer’s output port or the

short-circuit termination. The power reflection coefficient

lr~l at the output of the mixer is obtained by comparing

the power reflected in these two cases. The accuracy of this

measurement is primarily limited by the directivity of the

circulator.

VII. RESULTS

The 1– V curves of a typical pair of junctions, measured

at 2.5 K and 4.2 K, with and without LO power applied,

are shown in Fig. 8. It is significant that, despite the

relatively soft (unpumped) 1– V curve, we were easily able

to tune the mixer for horizontal steps on the pumped 1– V

curve. This was the first indication that the tuning circuit

was performing properly.

Fig. 9 shows the DSB noise temperature of the receiver

at 4.2 K as a function of frequency. Also shown are several

SSB results for which the mixer was tuned to reject the

image by >20 dB, and some results with the receiver

cooled to 2.5 K by reducing the pressure in the liquid

helium tank. These results are raw receiver noise tempera-

tures measured at the room temperature horn and contain

no corrections for the losses in the horn or input wave-

guide.

As indicated by (6) and (7), the receiver noise tempera-

ture T, displayed in Fig. 9 contains contributions from the

mixer noise, the noise in the IF section, and noise due to
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Fig. 9. Overafl receiver noise. temperature as a function of frequency.
Measurements were made at 2.5 K and 4.2 K, and with the mixer tuned

for DSB operation or SSB operation in the upper of lower sideband
(USB or LSB) as indicated. For all SSB measurements the image
response was >20 dB below the signal response. At 2.5 K the IF noi;e
temperature was 2.9 K. Typicaf LO power was 20 nW referred to the
input flange of the mixer. The noise temperature scale indicates T,
(DSB) for DSB results and ~ (SSB) for SSB results.

TABLE I
NOISE BUDGET FOR MIXSR DII18 IN LABORATORY TEST RECEIVER

Contrib. ~
L L.. Z to T. DSB

Horn 0.10 dB 298 6.9 6.9 40.6
W/G 0.15 dB 298 10.5 10.7 32,9
Window 0.10 dB 298 6.9 7.4 21.7
Ss w/g #1 0.07 dB 200 3.2 3.5 14.7
Ss w/g #2 0.11 dB 50 1.3 1.4 11.0
LO coupler 0.07 dB 2.5 0.1 0.1 9.5
Coupled noise — 3.0 3.4 9.3
Mixer & Bias-T 0.10 dB – 3.4 3.9 6.3
Refl. IF noise — 2.5 0.4 0.4 2.8
IF System — 2.4 2.8 2.4

The receiver is tuned for DSB operation with ~Lo = 114 GHz at a

cold-plate temperature of 2.5 K. The IF VSWR is 2.3. The loss (L) and

effective physicaf temperatures (7’ ~ J of the input componentsare here{Y
set to their expected vahres,eit er measured or estimated. Tn is the
equivalent input noise temperature of the individual components. T, is
the DSB receiver noise temperature referred to the input of each compo-
nent. The value of the mixer noise temperature (3.4 K) was deduced from

the measured overall receiver noise temperature (40.6 K).

the RF components ahead of the mixer. In order to deduce

the noise temperature of the mixer itself from T,, the other

noise contributions must be accurately known. In our

receiver, the noise from the RF components ahead of the

mixer is by far the dominant part of T,. It is therefore very

important to determine ~ and L, in (7) as precisely as

possible.

We chose two LO frequencies at which to analyze the

receiver performance, 104 GHz, corresponding to the best

overall receiver noise temperature, and 114 GHz, which is

of special interest to astronomers as the 115.3 GHz CO

line then falls in the upper sideband.

As the waveguide 10SScould not be measured directly

with the Dewar cold, the following approach was taken:

First, the loss was measured directly at room temperature.

A short circuit was then connected at the end of the

waveguide, and swept return loss measurements made us-

ing a reflectometer, first at room temperature, then with

the Dewar cold. It is well known that the finite directivity

of reflectometers severely limits the accuracy of round-trip

loss measurements; however, by combining the observed

change in loss on cooling (obtained from the reflectometer

measurements) with the directly measured insertion loss at

room temperature, we are able to obtain an accurate value

for the waveguide loss. In the present case LW~= 0.50 +

0.10 dB near 104 GHz and 0.50~ 0.06 dB near 114 GHz

(this is for the input waveguide, vacuum window,

stainless-steel waveguide, and LO coupler). The theoretical

value was used for the loss of the lhorn. This gives a total

input loss L, = 0.60+0.13 dB near 104 GHz and 0.60+-0.09

dB near 114 GHz.

We determined the effective noise temperature ~ of the

waveguide components ahead of the mixer in two ways:

(i) By measuring or estimating the loss and physical

temperature of the various waveguide sections, and

thereby deducing ~.

(ii) By measuring the noise racliated out of the input

flange when the cold end of the waveguide is termin-

ated in a cold load. From this, it is possible to

place limits on ~.

Method (i): Because of the strong temperature depen-

dence of the thermal conductivity of stainless steel, and the

unknown thprmal conductivity of the 0.6 pm electroplated

copper layer inside the waveguide (which carries a signifi-

cant fraction of the heat flow), the temperature distribu-

tion along the waveguide cannot be calculated precisely.

Likewise, because we do not know the thermal dependence

of the RF loss of the copper plating, it is not possible to

determine the distribution of loss along the waveguide.

However, we can make reliable estmates of the upper and

lower bounds of these quantities, and thereby arrive at

corresponding ~mits for ~.. At 114 GHz, for example, we

obtain 23.46 ~ <39.0 K.

Table I shows a typical noise analysis with the receiver

tuned for DSB operation at 114 cJHz. The primary mea-

sured quantity is the overall receiver noise temperature

(40.6 K). With the expected values of the loss and noise

temperatures of the input components, we deduce the

mixer noise temperature TM= ~.4 K. Allowing the esti-

mated values of the component losses and effective physi-

cal’ temperatures to vary over their expected ranges gives

– 5.5< TMG 11.3 K. Since T~ cannot be negative, we can

say that T~ <11.3 K, The corresponding receiver noise

temperature at the input of the mixer is 2.9< T, <14.2 K

DSB, or 3.9< T, <15.4 K DSB at the LO coupler.

Method (ii): If the loss of the input waveguide compo-

nents is small, the thermal noise radiated from the hot and

cold ends is nearly the same. E)y measuring the noise

radiated out of the input flange when the cold end of the

waveguide is terminated in a cold 1oad, it is possible to put

close limits on the power radiated from the cold end. We

used a Schottky-diode mixer receiver with an input isolator

to measure the equivalent noise temperature T, at the
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TABLE II
TYPICAL MIXER CHARACTERISTICS

IF Tm

Mixer Temp. R,,, a 1 fLO uRnC, SSB/DSB L< VSWR mm max

DIH5 4,2 K 60 Q 27pm 114 GHz 3.6 DSB 19dB 2.1 –11.5 7.5 K

DII15 4.2 K 60 Q 27pm 114 GHz 3.6 SSB 5.8 dB 1,5 – 2.1 21,1 K

DII18 4.2 K 64 Q 34pm 114 GHz 3.9 DSB 2.7 dB 2.2 – 10.3 8.4 K

DII18 4.2 K 64 fi 34pm 114 GHz 3.9 SSB 6.1 dB 1.8 – 2.7 19.0 K

DII18 2.5 K 64 Q 34pm 114 GHz 3.9 DSB OldB 2,3 – 12.1 5.6 K

DI118 2.5 K 64 Q 34 fim 104 GHz 3.5 DSB –0.1 dB 4.9 – 12,4 13.4 K

R ,,, ti is thenormaf resistance of the two-junction array, and [N the length of thetuning inductor asdefined in Fig 3(a) Lc and
T., are the conversion loss and input noise temperature of the mixer, SSB or DSB as indicated. L, is the transducer conversion
loss; i.e., it is not corrected for input or output mismatch. Theupper andlowerlimlts given for Tfi, are those predicted by the
worst-case error anafysls (method (ii)) described m the text.

room-temperature waveguide flange. The return loss was

also measured using a swept reflectometer, T, is composed

of the thermal radiation Tx,~ of the waveguide, thermal

radiation T; from the cold termination, and reflected noise

from the room-temperature (T. ) input isolator of the

Schottky receiver. Hence

T;
Tx,k = T,– 11’iJ2Ta– ~.

W
(8)

As an example of this method, with the Schottky re-

ceiver operating at an LO frequency of 114 GHz, we

measured an effective noise temperature at the input wave-

guide flange 29.1 <T, G 36.9 K and 22.9< Tx,,, G 32.5 K.

Using the method described in the Appendix, with input

waveguide loss LW~= 0.50 +0.06 dB (see above), the ther-

mal noise radiated from the cold end of the waveguide is

22.4< Ty,~<32.1 K. Referring this to the input of the feed

horn gives 30.0< ~ <46.7 K. For the example discussed

above and in Table I, with the receiver operating in DSB

mode at 114 GHz and 2.5 K, method (ii) gives – 12.1< T~
<5.6 K, or, since T~ cannot be negative, ~~ <5.6 K DSB.

The corresponding receiver noise temperature at the input

of the mixer is 2.9< T, <9.5 K DSB, and at the LO

coupler 3.9< T, <12.8 K DSB.

The two methods for deducing the mixer noise tempera-

ture from the overall receiver measurements are in reason-

able agreement and give about the same absolute uncer-

tainty in T~.
The accuracy of the mixer conversion loss deduced from

overall receiver noise measurements using (6) and (7) de-

pends on the uncertainty of the loss ahead of the mixer

and the calibration of the IF noise temperature. For the

present work we estimate an uncertainty in the conversion

10SS of + 0.2 dB.

Table II gives typical mixer characteristics, deduced

from overall receiver measurements, for different tuning

conditions (SSB or DSB, and inductor length 1), physical

temperatures, and LO frequencies. The maximum and

minimum values of T~ given in the table are based on a

worst-case error analysis in which all errors are additive.

No corrections for impedance mismatches at the input and

output of the mixer have been made to these results (i.e.,

Lc is the transducer conversion loss).

TABLE III

SATURATION CHARACTERISTICS

P1dB ‘ldB ‘ldB Implied

SSB/DSB PLO L< Cw * Theory Noise * BW

DSB 22nW 1.9 dB 1,6 nW 16 nW 3810 K 30 GHz

SSB 37 nW 5.8 dB 2,9 nW 20 nW 4260 K 34 GHz

Mixer DII15 at 4.2 K with f=o = 114GHz.
* = measured at receiver input,

The output VSWRS of the mixers are also given in

Table II. With the mixer tuned for single sideband opera-

tion, the IF VSWR was normally close to 2, while for

double sideband operation it was usually in the range 2–5.

VIII. SATURATION

Saturation by CW or noise input signals generally oc-

curs at much lower powers in S1S mixers than in other

practical microwave devices, and for this reason it is

particularly important to determine the saturation charac-

teristics of S1S receivers. Table III gives the input signal

levels necessary to produce 1 dB gain compression using

both CW and broad-band noise sources. Note that the CW

1 dB gain compression point is roughly one tenth of the

LO power. A broad-band RF noise source (gas noise tube)

used as the input signal gives 1 dB mixer saturation for

temperatures of 3800 K and 4300 K for DSB and SSB

operation, respectively. The saturation measurements will

be discussed in an ensuing publication [45].

Saturation in S1S mixers usually results from modula-

tion of the gain by the IF output voltage, and this is the

basis for the analysis of saturation [46]–[48] used to calcu-

late the theoretical saturation powers quoted in Table III.

It is seen that the measured CW saturation powers are in

reasonable agreement with theory. In addition, the satura-

tion curve, i.e., the dependence of the receiver output

power upon the signal power, agrees quite precisely
with the theoretical expression, for both CW and noise

signals [45].

In the case of saturation by broad-band noise, a compar-

ison with the theory requires a knowledge of the effective

noise bandwidth. This depends upon the mixer gain at all

RF frequencies from which down-converted noise con-

tributes to the output voltage, and upon the mixer output



PAN et al.: 85– 116 GHZ SIS RECEIVER 589

impedance and IF load impedance over the corresponding

range of intermediate frequencies [47]. This IF range is

likely to be far wider than the nominal IF band—in the

present case, tens of GHz compared with 500 MHz. The

complexity of the RF circuit, together with the lack of

information about the IF circuit beyond its nominal band

(especially the isolators), puts a computation of the theo-

retical noise saturation level beyond the scope of the

present work. Instead, we simply calculate the “implied

bandwidth,” which is the effective noise bandwidth that

would be required for the thermal noise saturation power,

P = kT1~~B, to equal the theoretically calculated P1~B.The

implied noise bandwidths for the DSB and SSB cases,

listed in Table III, are approximately equal. Although this

may seem surprising, it is explained by an examination of

the embedding impedance as a function of frequency using

the equivalent circuit of the mount (Fig. 6(a)). In the SSB

mode, image rejection is produced only over a relatively

narrow band compared with the full RF bandwidth. In

DSB operation the image rejection band is simply moved

beyond the nominal upper and lower sidebands, but the

general character of the embedding impedance versus fre-

quency is not greatly changed. It is interesting to note that,

for this experiment, the implied bandwidth of this receiver

is about one half of the “Q bandwidth” (63 GHz), ob-

tained by dividing twice the operating frequency by the

OR .CJ product of the junctions.

The relatively low saturation power of the S1S mixer

compared to conventional semiconductor mixers may re-

strict its use for some applications. The present receiver is

acceptable in this respect for most astronomical observa-

tions; however, its 1 dB saturation temperature (3800 K)

will not allow observation of the sun (6000 K) without

special calibration procedures. As the saturation power (or

temperature) of an S1S mixer is proportional to the square

of the number of junctions [11], an immediate solution to

this problem is to use arrays of more than two junctions.

IX. DISCUSSION

Despite the relatively soft 1– V curve of the two-junction

arrays used in these mixers, low mixer noise temperature

and conversion loss were achieved, and the receiver tuned

easily over 85–116 GHz. The rapid increase in receiver

noise temperature below 88 GHz is due to the cutoff of the

channel waveguide transformer [24] in the mixer block.

The lowest mixer noise temperature, T~ <5.6 K DSB, is

less than or comparable to the photon noise temperature

h~/k (5.5 K at 114 GHz). Referred to the mixer input

flange, the receiver noise temperature ~ <9.5 K DSB. The

minimum theoretical noise temperature for mixer receivers

is limited by the Heisenberg uncertainty principle [4], [43].

For a receiver which responds only to a single sideband,

the receiver must contribute an equivalent input noise

temperature of at least hf/2k, i.e., half the photon noise

temperature. For a double sideband receiver, the require-

ments of the uncertainty principle are met by the zero-point

fluctuation temperature hf/2k in each of the two side-

bands, and a minimum DSB receiver noise temperature of

zero is possible.

From the dc 1– V curve of the two-junction array it is

possible to predict the expected mixer characteristics using

Tucker’s theory in its three-frequency form [4]. Knowing

the bias voltage and dc current in the pumped mixer and

the IF load impedance (50 0), wc examined the perfor-

mance of the mixer as a function of RF source admittance.

At 114 GHz, a source admittance of 0.04+ jO.02 should

give T~ = 5.5 K DSB, L = – 0.4 dB (i.e., a small gain), and

an IF output impedance of 130 0 (VSWR = 2.6), which

are close to our measured values: T~ <5.6 K, Lc = 0.1 dB,

and IF VSWR = 2.3. Adjusting the source admittance and

LO power to minimize T~ the theory predicts ~~,~,~ =

4.5 K ‘with LC = -3 dB and an output impedance of

550 Q. While these predictions assume identical signal and

image terminations, the 2.8 GHz frequency difference be-

tween the sidebands generally results in somewhat unequal

terminations. This is likely to account for the small differ-

ences between the best theoretical and observed values of

noise temperature and conversion loss.

For the test receiver described here, the minimum over-

all receiver noise temperature, 40 K., was limited primarily

by the loss of the warm input waveguide components. If

these components were replaced by a cold feed horn

mounted directly on the LO coupler and a room-tempera-

ture vacuum window, as is commonly done in cryogenic

radio astronomy receivers, the receiver noise temperature

could be substantially reduced. A further improvement

could be obtained by removing several lossy IF compo-

nents— the switch, isolator, and directional coupler. With

these improvements, and assuming the loss of a cold feed

horn to be 0.1 dB, the room-temperature vacuum window

0.1 dB, an IF noise temperature of 2.2 K, and a mixer

noise temperature of 5.6 K DSB, an overall receiver noise

temperature of 18 K DSB should be achievable (of which

7 K is contributed by the room-temperature window). The

useful bandwidth of the receiver is limited by the IF

components. The better amplifiers of the type used in this

work have a noise temperature v,zriation of less than a

factor of 2 over more than 500 MHz, which is comparable

to the bandwidth of the circulator and isolator.

We believe that integrated tuning circuits similar to the

one described here or to the higher frequency variations

described in [15] will allow future S1S receivers to ap-

proach their full potential as ultra-low-noise front ends in

future millimeter- and submillimeter-wavelength systems.

APPENDIX

NOISE CONTRIBUTION OF DEWAIK INPUT WAVEGUIDE

The major source of measurement error in testing cryo-

genic low-noise mixers and amplifiers is often the uncer-

tainty in the noise contribution of the input waveguide (or

cable). While it may be possible to measure the loss of this

waveguide quite accurately at the operating temperature,

the temperature distribution along, its length cannot usu-

ally be determined with any certainty. One could, of

course, calculate the limits on the noise contribution of the

waveguide in the extreme cases in which all the loss is

assumed to be either at the hot end of the waveguide or at

the cold end. In this Appendix we present a technique
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Fig. 10, (a) Input waveguide, with loss La and Lb at the ends at known

temperatures T. and Tb, and loss L in the central region of unknown
temperature distribution. In (b) the loss L in the centraf region N
assumed all to be at temperature T, where T is chosen to gwe the
measured value of ~Y,,,. This gives the highest possible value of TX,,. In

(c) the loss L in the centraf region is assumed divided into two parts,

L1 at temperature T. and Lz at Tfi, where LI and L2 are chosen to

give the measured vafue of TX,~. This gives the lowest possible vafue

of T.,..

which narrows these limits by measuring the noise T,
emitted from the hot end of the waveguide when the cold

end is terminated in a cold matched load. It is assumed

that the thermal noise Tx,~ originating in the waveguide

loss and emitted from the hot end has been deduced from

T, using measured values of the input return loss, wave-

guide loss, and the physical temperature of the cold load,

as described in Section VII.

Let TY,~ denote the thermal noise, originating from the

waveguide loss, emerging from the cold end of the wave-

guide. It is the purpose of this Appendix to determine the

upper and lower limits on Tx,., given T,, ~ but not knowing

the temperature distribution along the lossy waveguide.

Assume the ends of the waveguide are at temperatures

T. (room temperature) and Tb (the bath temperature). Of

the total loss of the waveguide LW~ (measured with the

Dewar cold), let L. be at temperature T., and Lb at T..
The remaining loss, L = LW~/LoLb, has an unknown tem-

perature distribution. Tlus situation is depicted in Fig.

10(a). The temperature distributions which give maximum

and minimum values of T.,. for a given value of Tx,~,are

shown, respectively, in Fig. 10(b) and (c).
Referring to Fig. 10(b) (the configuration giving the

maximum Tx,~,),

(Al)

(A2)

It follows that

This is the largest possible value of TY ~. The smallest

possible value occurs when the loss L is divided between

the hot and cold ends of the waveguide. Referring to Fig.

1O(C), LW~ = LILzL.L~, where only La and Lb are known.
Then

and

[ id+*TaHd‘A’)‘., clnrm= ‘b 1–

It follows that

(T. - T,)’
‘x, clmm= J. (A6)

LW,(T~ - TX,,,)- T, + ‘b- ‘“LW,

This is the smallest possible value of T,,,.
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