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Abstract—The design, construction, and evaluation of fixed- merical modeling of the diode and mixer circuitry using
tuned submillimeter wavelength waveguide mixers using planar Hewlett Packard’s high-frequency structure simulator (HFSS)
Schottky diodes are presented in this paper. Electromagnetic and microwave design system (MDS), is described. Room-

fields within the planar diode package were analyzed using the .
finite-element method (FEM). Mixers using the University of temperature receiver results at both 585 and 690 GHz and

Virginia SC1T5 planar diode were designed at both 585 and Cryogenic-receiver results at 585 GHz are presented. In order
690 GHz. A double sideband (DSB) system noise temperatureto gauge the accuracy of the modeling techniques used, the
of 2'|:|)’8t0 K(LV(\S&)\S meaSUfeg at 58t5 GHz _US":QJ 1.16 th %E'g%' mixer losses are estimated and the modeling is compared with
oscillator power, and a system noise temperature o

K DSB was measured at 690 GHz using 1.04 mW of LO power. the measured results.

In addition, the 585 GHz mixer was cooled to both 77 K and

4.2 K, with measured system noise temperatures of 1240 and II. BASIC MIXER CONFIGURATION

880-K DSB using LO powers of 0.47 and 0.14 mW, respectively. . ) . . )

The modeling techniques were found to predict the measured ~ The mixer block design, shown schematically in Fig. 1,
conversion loss to within 1 dB. The performance of planar diode was originally developed for use with superconductor—

mixers is now within a factor of 1.5 of the best whisker-contacted insu|a‘[or_superconductor junctions_ The block that was used
Schottky diode mixers in this frequency range. during this research was fabricated at the Rutherford—Appleton
Index Terms—Cryogenic noise measurement, finite-element Laboratory [4] using direct machining techniques. The block
method, fixed-tuned, planar Schottky diode, submillimeter mixer, was made in two pieces and was assembled with dowel
waveguide. pins. The split in the block was made in thE-plane of

the waveguide to minimize the losses at the discontinuity.

|. INTRODUCTION A diagonal feedhorn [5] integrated into the mixer block was

used to couple the local oscillator (LO) and RF power into

HE BEST Schot_tky diode mixers ".ﬂ Sme'"'meter waves 200-by-400=m waveguide. The transition from waveguide
lengths use whisker-contacted diodes, which make the . . ; .
microstrip was designed using a scale model at 3.3-4.9

receiver design and assembly quite expensive and complic& z, and exhibited a return loss of greater than 25 dB over

the space qual'ification process [1]. A!SO' many of_the beSt.m'fﬁe full waveguide band. The fixed waveguide backshort is
ers rely on variable tuning elements integrated with the mixer 4 by packing indium into the guide at a set distance

which introduce loss and complicate mixer construction. Tk}lgeom the transition, An IE and de ground return is provided

main goal of this research is to develop a fixed-tuned broad- e : .
band mixer using planar Schottky diodes with performan? a 25pm-diameter gold wire, which has one end bonded

comparable to the best whisker-contacted Schottky dioaoethe microstrip and the.other end contacte_d n |nd|um at the
Mixers end of a quarter-wave side channel. The diode, a University

. . T DALT a3 anitayi
In particular, this paper describes the design, fabricatioonf Virginia SC1TS planar diode with 201" cm~* epitaxial

and evaluation of waveguide mixers at 585 and 690 GI—I%/ erir??ﬁén?ni?g;fm T?:eogzt(:r?ge:)ivﬁegqo;:gedaacgﬁjstze
using state-of-the-art planar Schottky diodes [2], [3]. Th P b gap

. . ) L ow-pass filter was the main circuit element used to set the
basic design procedure for the mixer, which includes nuz" " -
diode’s embedding impedance.

Manuscript received August 23, 1996; revised January 24, 1997. This
work was supported by the U.S. Army National Ground Intelligence Cen-
ter through Contract DAHC90-91-C-0030, the U.S. Army Research Office [ll. DIODE MODELING AND CIRCUIT DESIGN
through AASERT Grant DAAL03-92-G-0057, and the U.S. Army Research Th ival . it of Schottkv i . h b
Laboratory through Subcontract Q281601 with the University of Maryland. € equivalent circuit of Schottky junctions has been ex-

J. Hesler, T. Crowe, and R. Weikle are with the Department of Electrickénsively investigated and is rather well understood. The

Engineering, University of Virginia, Charlottesville, VA 22904 USA. SC1T5 diodes used during this research have diode parameters
B. Deaver is with the Department of Physics, University of Virginia, _17

Charlottesville, VA 22904 USA. of R, = 14 @, n = 117, La = 3-107'" A and
W. Hall is with Lockheed Martin Federal Systems, Inc., Owego, NY 13827, = 2 fF. The values forf;, n, and I,,, were determined

3998 USA. , _ , by a least-squares fit of the measured diddd” to the
R. Bradley and S.-K. Pan are with the National Radio Astronomy Obser- . . . .

vatory, Charlottesville, VA 22903 USA. standard exponential diode equation. The harmonic-balance
Publisher Item Identifier S 0018-9480(97)02910-4. routines in MDS were used to determine the variation of

0018-9480/97$10.0Q1 1997 IEEE



654 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 5, MAY 1997

i

To Diagonal
Feedhorn
P
50 Ohm
Microstrip
Waveguide __
Probe
Indium IF/DC gf k
0C!
Backshort Indium aeturn, To
Planar Gold Bond Wire

_| | / Diode
Input /d

Waveguide

|

IF/DC
Coax

Fi

g. 1. Schematic of the interior of the mixer block, showing the quartz circuit and diode chip mounted in the block.
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Fig. 3. Schematic of the planar diode chip near the anode with a coaxial
probe inserted near the anode. This was used during the finite-element
modeling to determine the diode embedding impedance.
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Real(Ze) () the intrinsic diode without mixer circuit and coupling losses.
Fig. 2. Predicted contours of constant conversion loss and noise temperafdfiditional simulations at 690 GHz indicated similar mixer
for the SC1T5 diode with 0.5 mW LO power and an IF impedance of250 performance and optimum embedding impedances.
The circles O) show the predicted embedding impedance for the SC1T5-S10 : ; ; ;
planar diode chip as the distance between the diode and the low-pass filtepnce the .reg|on .Of optimum el_mbeddlng Impgdanpe had
(lmaten) is varied. been determined using the harmonic-balance routines in MDS,
HFSS and the linear circuit simulator of MDS were used to de-

the mixer performance versus diode embedding impedang@n the mixer circuitry for the proper embedding impedance.

The simulations include plasma resonance and skin effect B@e effect of the planar diode chip structure on the diode’s

the addition of a complex series resistance [6], but do npinbedding impedance was modeled by using HFSS to solve
include hot electron noise in the diode, which could be " the fields within the diode chip when mounted in the
significant source of excess noise [7]. There was an uncertaiftiF™ostrip channel. By adding a small coaxial probe near the
in the embedding impedances at the higher harmonics, 0de in the HFSS model, as shown in Fig. 3, the diode’s
simulations performed with these harmonics matched, opgfibedding impedance can be determined without the use of
circuited, and short circuited changed the conversion loss A8 equivalent circuit model for the diode. Tiseparameters
more than 0.5 dB, and a nominal value 1 + jO  was 9generated by the HFSS simulation were used with the linear
used in this research. Fig. 2 shows the predicted contoursC#euit simulator of MDS to determine the effect of the mixer
constant noise temperature and conversion loss at 585 GHzdtguitry external to the diode packaging. A schematic of
the SC1T5 diode with an available LO power of 0.5 mW anie basic mixer microstrip configuration is shown in Fig. 4.
an IF port impedance of 15Q. The mixer simulations predict On one side of the diode is a length of transmission line,
a conversion loss minimum of 3.4-dB double sideband (DSB)..:ch. between the diode and the low-pass filter. The low-
for an RF embedding impedance & + 760 2, and a mixer pass filter presents an open circuit at its input to the LO and
noise temperature minimum of 155-K DSB4i— 510 €2 for RF. On the other side of the diode is a length of microstrip
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Fig. 4. Schematic of the basic mixer circuit configuration used during this
research.

line running to the waveguide transition. Fig. 2 shows the
predicted embedding impedance for the SC1T5-S10 planar
Slfr?ee d(vg)rl[ﬁ;el' Isni'g(;ggﬁf ]E:(ft(?ril?: f(;ré?eerrnl‘lel:lag)tﬁglgrtr‘;gelz diani;q' 5. Photograph of quartz circuit and diode mounted in the mixer block.
impedance are the width of the gap across which the diode
is mounted &), and the diode chip geometry (e.g., finger
length). The mixer circuit chosen at 585 GHz for the SC1T5-  ivory frapolic
S10 diode hadZsurce = Zmatch = 50 £, lgap = 60 pm, and A

lmatcn = 150 um, yielding a predicted embedding impedance < N
for the intrinsic diode of45 + j30 €2, a mixer conversion
loss of 3.8-dB DSB, and a mixer noise temperature of 350-K Fr , | Martin IF Impedance
DSB. The simulations indicated that this mixer design has a-®" 7" | Diplexer Transforner
3-dB conversion-loss bandwidth of approximately 110 GHz s Mcor
full width. Finally, the simulations predicted that this mixer Block
will be relatively insensitive to small changes in the mixer

circuitry and assembly. VI Eoeace D

A

Power
IF Chain Meter

Fig. 6. Schematic of quasi-optical receiver test setup.
IV. MIXER ASSEMBLY AND EVALUATION

The microstrip circuits were fabricated on aBa-thick UE——
. Impedance
quartz substrates. In order to support the thin quartz, the wafer |y =0
was mounted with wax on a silicon support wafer. The quartz |
was sputtered with a metal seed layer of approximately 5 nm
of chromium followed by 200 nm of gold (the chromium layer
aids the adhesion of the gold to the quartz). A layer of positive
photoresist was then patterned onto the surface, angua 2-
thickness of gold was plated onto the clear regions to form
the microstrip circuitry. The photoresist was removed and the
seed layer of gold and chromium was sputtered away from the
unplated areas, leaving behind the desired circuit pattern. The
guartz wafer was diced into individual circuits before removal
from the silicon carrier. The bottom surface of the quartz was
left uncoated, and the microstrip ground was provided by tt'é;. 7._ Photo_graph of the Infrared Laboratories HD-3(8) dewar used during
. . . . e mixer testing at 77 and 4.2 K.

channel bottom. Once the circuit fabrication was completed,
the IF/dc connection wires were bonded onto the circuit and
the diode was soldered across the gap. Finally, the quantaist, yielding an output waist of 0.58 mm, which matches
circuit was mounted into the mixer block and held in placeell to the predicted horn waist of 0.62 mm.
by the wires, which were pressed into indium. A photograph The system noise temperature is measured using the Y-
of a quartz circuit mounted in a mixer block is shown in Fig. Factor method [11], alternating between room temperature and

A schematic of the quasi-optical test-set used to measuié-K absorber. The IF power at 1.8 GHz is amplified and
the mixer performance is shown in Fig. 6. A Martin—Puplethen fed into a square law detector. During testing of the quasi-
diplexer [8] and an off-axis parabolic mirror with a focaloptical coupling to the mixer, the LO power level and the diode
length of 60 mm are used to couple the LO and RF powbias were adjusted for minimum system-noise temperature.
into the feed horn. The LO power is provided by a £0 The IF section has a variable attenuator which can be used
pumped far-infrared (FIR) gas laser [9], [10]. The FIR lasdp vary the IF noise temperature, thus allowing calculation of
emits a Gaussian beam with a beam waist of 8.3 mm. Ttiee mixer noise temperature and conversion loss [12]. In order
parabolic mirror is placed approximately 800 mm from th&éo match the diode’s IF impedance (typically about I50to
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Fig. 8. 585 and 690 GHz receiver results using the University of Virginigig. 9. 585-GHz results for the UVa SC1T5-S10 planar diode at 77 K and
SCA1T5 planar diode at room temperature. The arrows indicate the poweda K. The arrows indicate the power at which the system noise temperature
which the system noise temperature has risen by 10% from its minimum valteas risen by 10% from its minimum value.

. . . TABLE |
5012, a quarter-wave microstrip IF impedance transformer was SUMMARY OF RECEIVER TEST RESULTS AT 585 AND 690 GHz FOR

designed. The transformer was measured to have an IF return r.e SC1T5 RanAR SCHOTTKY DIODE, INCLUDING REPRESENTATIVE
loss of greater than 20 dB and a room temperature conduct#AsUREMENTS OF THESYSTEM NOISE TEMPERATURE AT LOW-POWER LEVELS

loss of 0.1 dB at 1.8 GHz. vee | Temp. | P T;))SSB T,f‘):B 0SB
Mixer performance was also measured at cryogenic temper- (GHzy| O Jmw)| (1O | X) [@B)

atures in an Infrared Laboratories HD-3(8) dewar, shown in 585 | 300 | 1.16 1238018001 7.6

Fig. 7. The mixer block, IF impedance transformer, bias tee, 0.34 12660

isolator, and a low-noise amplifier (with a gain of 38.4 dB 585 | 77 | 0.47 |1240(1110] 9.0

and a noise temperature of 4.1 K when cooled to 15.3 K) are 0.09 1350

mounted on the cold work surface, which can be cooled to 585 [ 4.2 [0.14 | 880 | 840 | 9.0

liquid nitrogen and liquid helium temperatures. The LO and 0.02 [ 959

RF enter the dewar through a Teflon window (not shown), 690 | 300 (1]2‘21 gzzg 2240| 8.8

and the IF power is output through a stainless-steel semirigid
coaxial cable for further amplification.

Further cooling to 4.2 K reduced the system noise temperature
V. ROOM TEMPERATURE RESULTS AT 585 AND 690 GHz to 880-K DSB. No corrections were made for losses in the

The best mixer results achieved at 585 GHz were obtain&gflon Dewar window. In addition to the improvement in
using the SC1T5-S10 diode, although similar results wef¥Steém performance, the LO power requirement for the mixer
obtained with the 5- and 20m finger-length diodes of the droPped significantly upon cooling, as shown in Fig. 9.
SC1T5 series. A receiver noise temperature of 2380-K psp The best room temperature and cryogenic receiver results
and mixer conversion loss of 7.6-dB DSB were measurd&i€ summarized in Table I. Table I also shows the significant
using 1.16 mW of LO power. A plot of the system noiséeduction in the LO power requirement when the system noise
temperature versus LO power for a typical mixer is shown fgmperature is allowed to increase by approximately 10%.
Fig. 8. The arrow on the horizontal axis marks the power at
Whi(_:h the system noise temperature has rise_n 10% from its VIl. COMPARISON OF SIMULATIONS
minimum value. The power was measured using a Scientech WITH MEASURED RESULTS
Power-Energy Meter [13]. . .

Performance was also measured at 690 GHz using the sarPEhe esttlmated tlosses for. the 58&:1_ ;ndHGQ_?r—]GI—:z mixers
mixer block but with a new circuit designed specifically fof foom imperadufe t?:e g}lven '(T da eh. - 'he os£§e5t|2
this frequency. The SC1T5-S5 planar diode yielded a systépr?_ mltzrosi fp da_m n elpzarlgar '(?[ € IC P Wtere _es;'n;asse
noise temperature of 2970-K DSB and mixer conversion Io%g'ng € two-dimensiona (2-D) port solve Touting In HimsSS.
of 8.8-dB DSB using 1.04 mW of LO power. A plot of the onductor losses are difficult to estimate for transmission lines

system noise temperature versus LO power at 690 GHz fo}Ngh S'?.”'f'fam ;tl:]rface ;oughnesi. Howeverr; Ithe Iofﬁ fo:ha
representative mixer is shown in Fig. 8. microstrip line with a surface roughness much larger than the

skin depth (0.1uzm for gold at 585 GHz) has been shown
to be approximately double that of a smooth line [14]. The
VI. CRYOGENIC RESULTS AT 585 GH microstrip and planar diode chip conductor losses in Table II
The 585-GHz mixer with an SCIT5-S10 diode was evallhave, therefore, been doubled from the value predicted for a
ated at both 77 K and 4.2 K. The receiver noise temperatismooth conductor. The conductor loss in the feedhorn was
dropped to 1240-K DSB when the mixer was cooled to 77 Kestimated by assuming that the feedhorn has a loss similar to
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TABLE I
COMPARISON OF THE MEASURED RESULTS WITH THE
MODELED RESULTS, INCLUDING ESTIMATED SYSTEM LOSSES

mixers at most submillimeter wavelengths, thus providing a
simple, rugged, room-temperature receiver technology with
excellent sensitivity.

585 GHz | 690 GHz

Modeled
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L loss) (dB ‘ . . .
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Horn Losses (dB) 0.6 0.6 Frequency Design System software to the University of Vir-
Diplexer and Mirror Losses (dB) | 0.7 0.7 ginia, and Rutherford—Appleton Laboratory for the machining
L;;Z'B (with loss) (dB) 6.8 8.5 of the mixer block.
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