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Millimeter-Wave, Shot-Noise Limited,
Fixed-Tuned Mixer

MAREK T. FABER AND JOHN W. ARCHER, SENIOR MEMBER, IEEE

Abstract —In a companion paper [1], two computer-controlled measure-
ment systems for testing millimeter-wave Schottky-barrier diode mixers
between 90 and 350 GHz have been presented. In this paper, a typical
application of the measurement system to the testing and evaluation of a
practical W-band, cryogenic, fixed-tuned Schottky diode mixer is used to
demonstrate the performance of the instruments. The mixer is shown to
have a single-sideband noise temperature of less than 140 K between 98
and 118 GHz and, at 110 GHz, achieves shot-noise limited performance,
with a SSB noise temperature of only 81 K and corresponding conversion
loss of 5.7 dB.

I. INTRODUCTION

N A COMPANION PAPER [1], a theoretical back-

ground to mixer measurements is presented and the
design criteria and description of both the hardware and
software of two computerized measurement systems are
given. The instruments allow testing of millimeter-wave
Schottky-barrier diode mixers in the frequency range from
90 to 350 GHz.

The computer-controlled instruments have provided a
more accurate, reliable, versatile, and efficient means of
mixer testing and evaluation than previously available and
have been an essential and invaluable asset in development
of millimeter-wave Schottky diode mixers, e.g., [2]-]4]. In
this paper, a W-band, fixed-tuned, cryogenic, Schottky
diode mixer is reported. Computer printouts that resulted
from testing of the mixer are used in Section III to demon-
strate the performance of the measurement system and to
show the variety of data that can be obtained describing
mixer performance. The ultra-low-noise performance of the
mixer is discussed and compared to a shot-noise limit in
Section IV of the paper.

II. MixeR DEVELOPMENT

The mixer, shown in Figs. 1 and 2, is a single-ended,
fundamental frequency mount developed from an earlier
design [4], [5]. That design featured a fixed tuning of the
mixer which allowed the reduction of mixer conversion
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losses by lowering the ohmic losses and eliminating the
reflection coefficient frequency dependence associated with
the typical adjustable backshort structures.

The feed horn and waveguide structures of the mixer
mount were all electroformed in copper on disposable
aluminum mandrels. The feed horn incorporated in the
mixer (see Fig. 1) is a corrugated scalar feed which pro-
vides the -11-dB, far-field E- and H-plane beam widths of
the horn of 30° at 115 GHz. The mixer mount (Fig. 2)
comprises a whisker-contacted, Schottky-barrier diode
mounted in reduced-height waveguide. A five-section im-
pedance transformer couples power from the full-height
WR-8 input waveguide to the reduced-height waveguide.
The reduction in waveguide height to 1/4 of the standard
value in the vicinity of the diode lowers the impedance of
the waveguide, thus making it easier to match the diode to
its RF embedding network over a broad bandwidth. The
IF output impedance is also reduced as a consequence of
the lower RF impedance [6], making broader bandwidth IF
matching feasible.

The Schottky-barrier diode, fabricated by R. Mattauch
at the University of Virginia (designated type 2P9-300) is
soldered to a microstrip RF choke which is epoxied in a
channel in the diode block. The dimensions of the channel
and the lengths of the choke sections were chosen to ensure
that the choke presents a short circuit to the diode at 120
GHz, while appearing as a small capacitive reactance be-
tween 80-120 GHz and presenting a reactive termination
to the device at higher frequencies (up to at least the third
harmonic of the local oscillator), as is required for opti-
mum mixer performance [7].

The mixer was optimized for low-noise, fixed-tuned op-
eration in the frequency range from 98 to 118 GHz with a
lowest possible noise temperature at 110 GHz. In order to
obtain the desired performance of the mixer, the diode was
contacted with a 330-um-long whisker bent so that the end
of the pin sat flush with the guide wall after contacting the
diode. The fixed backshort was set 1.27 mm from the diode
plane and was implemented with the aid of a section of
short-circuited waveguide electroformed into a backing
plate.

The mixer IF output is connected to an integral IF
impedance matching transformer [5], bias tee, and dc block
(see Fig. 1), which results in an IF output VSWR of less
than 1.2:1 between 1.2 and 1.8 GHz when the mixer is
operated at optimum LO and dc bias levels.
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Fig. 1. A photograph of the mixer.
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Fig. 2. A schematic diagram (not to scale) showing the details of the mixer design.

III. TESTING OF THE MIXER

The mixer was thoroughly tested using the computer-
controlled measurement system reported in the companion
paper [1]. The instrument employs a desktop computer not
only for processing data but also for controlling the oper-
ation of the test apparatus, which enables one to carry out
a much more extensive set of mixer performance tests, as

well as to obtain data that could not be measured without
the aid of high-speed real-time system control and data
processing.

User-oriented “friendly” interactive software makes it
very easy to use the system. The computer instructs the
user of the system, checks for possible mistakes, and helps
in presetting a test program. The computer supervises the

‘calibration of the measurement system and stores the
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Fig. 3. Plots produced during cooling of the mixer Only measurements at the first (room) temperature and the last (20.7 K)
temperature are presented. Diode voltage V), and equivalent IF noise temperature Ty, are measured and plotted versus dc
bias current Ij,. The computer fits measured ¥}, to an exponential diode model response and plots residuals of the fit,
Vp — Vegr. 1t also computes and plots derivatives dV,(Ip)/dlog(I,) and dlVp(Ip)—IpRg]/dlog(Ip). The latter is

independent of log(/,) for an ideal exponential diode.

calibration data. When the calibration is completed, the
computer controls measurements according to the preset
test program, collects data, and performs in real-time all
calculations applying necessary corrections. It also displays
and plots parameters of a mixer under test and, if desired,
prints out plots and measured quantities.

A. Measurements During Cooling of the Mixer

The measurements were made at room temperature and
then at 20-K temperature intervals down to the lowest
temperature of 20.7 K. The IF frequency was 1.45 GHz
with 60-MHz measurement bandwidth.

At each temperature, the I -V characteristic of the mixer
diode and the equivalent IF noise temperature with dc bias
only T, were measured and the results of the measure-
ments and real-time calculations were plotted versus bias
current. When the measurements at a given temperature
were completed, the computer fitted the data to a model
response of an ideal exponential diode with a series resistor
(6, (7] e, V=V, + I,R, =V, + R, I [exp(qV, /nkT)—
1]) using the least-squares method. It also computed residu-

als of the fit and derivatives dV,(I,)/dlog(I,) and
dv,(1,)/dlog(I,).

The data was stored on the disk for further processing at
a later time to produce plots of the measured diode param-
eters at specified temperatures or as a function of tempera-
ture.

The plots in Fig. 3 were produced during cooling of the
mixer to illustrate operation of the measurement system.
Plots presented in Fig. 4 are the result of processing data
collected during cooldown and reflect the changes in di-
ode properties upon cooling. At room temperature, the
Schottky-barrier diode was characterized by a zero-bias
capacitance C,, = 8.0 fF, a series resistance R, =11.7 Q, a
saturation current I, =1.8X107'7 A, AV =V,(100 pA)—
Vp(10 pA)=67.6 mV, and an ideality factor n=1.14
(Vo =nkT/q = 28.7mV). The equivalent IF noise tempera-
ture T, was 227 K and 200 K at dc bias currents of 10 u A
and 300 g A, respectively. The measured -V characteristic
fitted the expontial diode model very well (diode voltage
within+ 1 mV to the model). When the diode was cooled to
20.7 K, its series resistance rose by 3 € (R, =14.7 ), while
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Fig. 4. Plots resulting from processing data collected during cooldown. Diode I~V characteristics and Ty, noise temperatures
are compared at two temperatures. Measured Ty, is also plotted versus temperature for three bias currents. Diode series
resistance R, ideality factor n(NIF), ¥, = nkT/q, and saturation current I, are plotted versus temperature.

the saturation current dropped to 1.9xX 10752 A, The ideal-
ity factor increased to 5.34 (V, = 9.5 mV), and AV was 24.1
mV. The exponential diode model did not describe the
diode as well as at room temperature (up to 5 mV dif-
ference in diode voltage). The most significant effect ob-
served in the diode upon cooling was the decrease of the
equivalent IF noise temperature. T, was reduced ap-
proximately by a factor of 4, being 50 K and 57 K at bias
currents of 10 p A and 300 p A, respectively.

B. Measurements at Constant Temperature

The measurement systems reported in [1] allow testing of
a mixer at a constant temperature both without and with
the LO signal applied. However, for clarity of the paper,
only tests performed on the pumped mixer are presented
here.

The RF performance of the mixer was measured at a
temperature of 24 K for LO frequency varied from 96 to

120 GHz. All single-sideband (SSB) values quoted assume
equal sideband losses and are based on double-sideband
measurements. The sideband losses for the mixer reported
here have been measured and found to be equal to within
five percent. The accuracy of the reported results is esti-
mated to be +£3 K and +0.1 dB in the SSB mixer noise
temperature and conversion loss, respectively.

The tuning of the mixer, once optimized, was fixed and
only the quasi-optical diplexer was adjusted at each LO
frequency using the mixer noise monitoring system imple-
mented in the IF radiometer.

The mixer diode bias was kept constant at 0.94 V at each
measurement frequency and the LO level was adjusted to
result in a 0.36 mA dc component of the diode current.
Using the radiometer monitoring system, these operating
conditions were found to result in the lowest mixer noise
temperature. This is confirmed in Fig. 5 in which the
single-sideband mixer noise temperature and conversion
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Fig. 5. Single-sideband mixer noise temperature Tyxp and correspond-
ing single-sideband conversion loss L of the mixer as a function of LO
level. The LO level is represented by the dc component Ipyp of the
diode current resulting from the applied LO signal. (Temp. =24 K, f; o
=110 GHz, IF=1.45 GHz, Af = 60 MHz,equal sideband losses).

loss are plotted versus dc component of the diode current.
The measurements were made at a temperature of 24 K,
and LO frequency of 110 GHz, and IF=1.45 GHz with a
60-MHz measurement bandwidth. The minimum SSB mixer
noise temperature of 81 K was obtained at a LO level (dc
diode current of 0.36 mA) lower than that (/yxz =1.2 mA)
required for minimum conversion loss. The sharp mini-
mum measured for the cryogenic mixer is much more
distinct than the flat minimums in both mixer noise tem-
perature and conversion loss usually observed for room-
temperature mixers at approximately the same LO levels.
Thus, more care is needed in optimizing the operating
conditions of cryogenic mixers than for room-temperature
mixers.

At each LO frequency, mixer noise temperature and
conversion loss were measured as a function of IF
frequency. The measurements were made at a temperature
of 24 K and the IF measurement bandwidth was 60 MHz
in all measurements.

The computer printout resulting from measurements at
110 GHz is shown in Fig. 6. The SSB mixer noise tempera-
ture reaches 81 K with the corresponding conversion loss
of 5.7 dB at an IF frequency of 1.45 GHz. The bandwidth
over which the mixer noise temperature varies by less than
20 percent is at least 400 MHz. The IF response at other

LO frequencies within the operating range is similarly
broad.

1V. DISCUSSION OF THE RESULTS

The performance of the mixer is summarized in Table I
and illustrated in Fig. 7, which was obtained as a result of
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Fig. 6. Single-sideband mixer noise temperature Txg and correspond-
ing single-sideband conversion loss L of the mixer versus IF frequency.
(Temp. =24 K, f; =110 GHz, Afig =60 MHz. V, =094 V, I [yg =
0.36 mA, equal sideband losses).

TABLEI
RF PERFORMANCE OF THE FIXED-TUNED MIXER.

Lo LY Lo {T1rl :
[GHz] k] [dB]

96.0 177 6.4 0.009
98.0 133 6.2 0.017
100.0 126 6.2 0.018
102.0 135 6.1 0.009
104.0 118 6.1 0.013
106.0 113 5.9 0.010
108.0 85 5.8 0.015
109.0 81 5.9 0.010
110.0 81 5.7 0.007
112.0 95 5.8 0.007
113.5 106 5.8 0.011
115.0 104 5.9 0.031
116.0 123 6.2 0.027
118.0 139 7.2 0.10%
120.0 306 8.7 0.259

Diode bias 0.94 V, dc diode current 0.36 mA. Temp. = 24 K, IF=1.45
GHz, Afir= 60 MHz. Equal sideband losses.

data processing after the measurements. The single-side-
band mixer noise temperature is less than 140°K between
98 and 118 GHz and is 81 + 3 K with a corresponding SSB
conversion loss of 5.7+0.1 dB at a LO frequency of 110
GHz. When evaluating this result, it should be noted that a
fixed-tuned mixer of similar design can be optimized for
low-noise performance in a broader RF frequency range if
higher noise temperature is acceptable. (T35 =150 K in
the 85-120-GHz frequency range was reported in [4].)

The filled square in Fig. 7 represents the lowest mixer
noise temperature ever reported for a Schottky diode,
W-band mixer [8]. That result was derived from DSB
measurements of a receiver which was tuned at each
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Fig. 7. Single-sideband mixer noise temperature Ty and correspond-

ing single-sideband conversion loss L of the mixer versus L.O frequency.

(Temp. =24 K, IF =145 GHz, Afip =60 MHz,V; =094 V, Iyxg =
0.36 mA, equal sideband losses).

frequency. The derivations were made only at the frequency
of 101 GHz at which an SSB mixer noise temperature of
70 K was specified. The results reported in this paper are
direct measurements of the mixer noise temperature and
conversion loss of the fixed-tuned, fixed-bias mixer (i.e., no
tuning or adjustments of the mixer were made when the
frequency was varied) optimized for best performance in
the 20-GHz RF frequency bandwidth.

To further illustrate the usefulness of the accurate mixer
characterization and to evaluate the excellent result ob-
tained with the reported mixer, it is useful to examine how
the mixer performance compares with the fundamental
limits imposed on a Schottky-barrier diode mixer. In order
to do that, it is necessary to determine contributions to the
mixer noise from the diode itself and from the lossy mount.
The measured total conversion loss LPS® is composed of:
Lgg, the losses in the scalar feed, input quarter-wave
transformer, reduced-height waveguide and fixed back-
short; L, the diode conversion loss; and Ly, the losses in
the output microstrip choke and IF transformer. Because
at 110 GHz measured |Tjp|>=0.007, then' LDS®=~ LD
and

LaDSB = LggLpLyp. (1)

The mount RF and IF losses at cryogenic temperatures can
only be estimated from room-temperature data on the basis
of the increase in the conductivity of OFHC copper and
the gold plating upon cooling. At room temperature, scalar
feed loss is 0.1 dB, the input waveguide transformer is
assumed to have a loss of 0.25 dB and the reduced-height
waveguide and fixed backshort, 0.1 dB. The sum of these
losses is assumed to decrease to 0.25+0.05 dB when cooled.
The IF losses are assumed to decrease upon cooling from

lLa, an “available conversion loss,” was defined in [1] as the ratio of
available power of the RF source to_available power at the mixer IF
output and thus DB = (1— |Te|?) LS.

COMPARISON OF MIXER PERFORMANCE WITH LIMITS IMPOSED ON

SCHOTTKY DIODE MIXER
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Measured mixer performance is compared to limits [9] established for
an ideal exponential resistive diode generating shot-noise only and operat-
ing as a mixer in which higher harmonics are reactively terminated. The
diode is embedded in a lossless mount (Model A) and in a mount having
losses equal to the losses of the practical mixer mount (Model B).

02 dB to 0.15+0.05 dB. At a physical temperature of
T=24 K, the diode conversion loss L, may then be
estimated from the measured data and (1) to be between
2.15 dB and 2.45 dB at a frequency of 110 GHz.

The total DSB mixer noise temperature is

TA?SB = (LRF "1)T+ LRF(LD ‘1)Teq
+ LRFLD(LIF - 1) T. (2)

The equivalent temperature T, of the diode as a lossy
element is limited by

Tp=-5 (3)

derived in [9]. This only applies to a pumped ideal resistive
exponential diode (R, = 0, C; = const) operating as a mixer,
for the case where higher harmonics are reactively
terminated and only shot-noise is generated by the diode.

The Schottky diode used in the mixer, at a temperature
of 24 K, was characterized by an ideality factor n=4.3+
0.1. This results in a shot-noise limit of 7, =51.6+1.2 K
which is used in (2) to derive limits for the mixer noise
temperature. The results obtained for the shot-noise limited
mixer diode embedded in lossy and lossless mount (L gy —
0 dB, L,z — 0dB) are compared in Table II to the mea-
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sured performance of the practical mixer. The noise tem-
peratures of the reported mixer and the lossy mount model

are equal to within the accuracy of measurements and

uncertainty of derivations. This demonstrates that, through
careful mount and diode development and optimization, it
is possible to construct a W-band mixer which approaches
the shot-noise limited ideal case, i.e., the diode series
resistance and parametric effects due to the diode nonlin-
ear capacitance are negligible, higher harmonics. are reac-
tively terminated, there is no excess noise in the diode, and
correlated shot-noise components from high harmonics are
minimized. The noise of the mixer is determined by the
shot-noise generated in the diode and mount losses con-
tribute only = 9 K to the SSB mixer noise temperature (6.4
K and 2.6 K due to RF and IF losses, respectively).

V. SUMMARY

In the companion paper [1], a theory for accurate mea-
surements of -millimeter-wave mixers has been given and
two computerized measurement systems allowing testing of
mixers between 90 and 350 GHz have been presented.

In this paper, a W-band, ultra-low-noise, Schottky diode
mixer has been reported. Computer printouts that resulted
from testing of the mixer have been used to show versatil-
ity and thoroughness of the tests available for char-
acterizing and evaluating mixer performance.

The fixed-tuned, fixed-bias, cryogenic mixer reported in
this paper has a single-sideband noise temperature less
than 140 K between 98 and 118 GHz and, at 110 GHz,
achieves shot-noise limited performance with a SSB noise
temperature of only 81 K and corresponding conversion
loss of 5.7 dB.

ACKNOWLEDGMENT

The authors would like to thank Prof. R. Mattauch of
the University of Virginia for providing the Schottky-bar-
rier diode used in the mixer. Thanks also go to N. Horner,
Jr., for his assembly of the mixer.

REFERENCES

[1] M. T. Faber and J. W. Archer, “Computer-aided testing of mixers
between 90 GHz and 350 GHz,” IEEE Trans. Microwave Theory
Tech., pp. 11381145, this issue.

[2] J. W. Archer, “A multiple mixer, cryogenic receiver for 200-350
GHz,” Rev. Sci. Instr., vol. 54, no. 10, pp. 1371-1376, Oct. 1983.

[3] J. W. Archer and M. T. Faber, “Low-noise, fixed-tuned, broadband
mixer for 200-270 GHz,” in 1984 IEEE MTT-S Int. Microwave
Symp. Dig., 1984, pp. 557-559.

[4] J. W. Archer and M. T. Faber, “A very low-noise receiver for 80—120
GHz,” Int. J. Intrared Millimeter Waves, vol. 5, no. 8, pp. 1069-1081,
Aug. 1984.

[5] J. W. Archer, “All solid-state, low-noise receivers for 210-240 GHz,”
IEEE Trans. Microwave Theory Tech., vol. MTT-30, pp. 12471252,
Aug. 1982,

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-33, NO. 11, NOVEMBER 1985

[6] M. T. Faber and W. K. Gwarek, “Nonlinear-linear analysis of
microwave mixer with any number of diodes,” IEEE Trans. Micro-
wave Theory Tech., vol. MTT-28, pp. 1174-1181, Nov. 1980.

[7] D. N. Held and A. R. Kerr, “Conversion loss and noise of micro-
wave and millimeter-wave mixers: Part 1—Theory,” and “Part
2~Exp‘eriment,” IEEE Trans. Microwave Theory Tech., vol. MTT-26,
pp. 49-61, Feb. 1978.

[8] C. R. Predmore, A. V. Riisanen, N. R. Erickson, P. F. Goldsmith,
and J. L. R. Marrero, “A broad-band, ultra-low-noise, Schottky
diode mixer receiver from 80 to 115 GHz,” IEEE Trans. Microwave
Theory Tech., vol. MTT-32, pp. 498-506, May 1984.

[9] A. R. Kerr, “Shot-noise in resistive diode mixers and the attenuator
noise model,” IEEE Trans. Microwave Theory Tech., vol. MTT-27,
pp. 135-140, Feb. 1979.

Marek T. Faber was born in Skierniewice, Po-
land, in 1947. He received the M.Sc. (Honors)
degree in electronic engineering from the Warsaw
Technical University, Warsaw, Poland, in 1970,
the M.Sc. degree from the University of
Manitoba, Winnipeg, Man., Canada, in 1975,
and the D.Sc. (with highest distinction) degree
from the Warsaw Technical University in 1980.
Since 1970, he has been with the Institute of
Electronics Fundamentals, Warsaw Technical
University, where he is an Assistant Professor.
Since 1982, he has been on a three-year leave of absence at the National
Radio Astronomy Observatory, Charlottesville, Virginia. His research
activities have been in the field of microwave circuit theory and techniques,
especially in microwave receivers and general theory of microwave multi-
diode mixers. Currently, he is working on low-noise, millimeter-wave
mixers and frequency multipliers.

John W. Archer (M’82—-SM’83) was born in Syd-
ney, Australia, in 1950. He received the B. Sc., B.
E. (with first class honors), and Ph. D. degrees
from Sydney University in 1970, 1972, and 1977,
respectively.

From 1974 to 1977, he was responsible for the
successful development of a unique (at that time)
variable baseline, phase-stable, two-element in-
terferometer for solar astronomical investigations
at 100 GHz. During this period, he was associ-
ated with both Sydney University and CSIRO,
Division of Radiophysics, in Australia. From 1977 to 1979, he was with
NRAO’s VLA project. During this period, he was responsible for the
evaluation and improvement of the performance of the over-dimensioned
waveguide system, as well as for the design of the components for the IF
section of the array. From 1979 to 1984, he was at NRAO’s Central
Development Laboratory, where his main responsibility was to coordinate
the development of state-of-the-art millimeter wavelength receiver tech-
nology for use at the NRAO Kitt Peak antenna. This work entailed the
development of low-noise mixers, harmonic generators, and novél mecha-
nical and quasi-optical structures for millimeter-wave receivers. Since
1984, he has been with CSIRO Division of Radiophysics, where he leads a
group developing microwave GaAs devices for commercial applications
and for applications to radio astronomy.

Dr. Archer is a member of the Astronomical Society of Australia.




