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Abstract
This paper discusses the design, construction, and testing of subrnillimeter

wavelength waveguide mixers using planar Schottky diodes. A finite element method
program was used to determine the effect of the planar diode chip on the mixer
performance. Mixers using the UVa SC1T5 planar diode were designed at both 585
and 690 GHz. A system noise temperature of 2380 K (DSB) was measured at 585
GHz, and a system noise temperature of 3110 K. (DSB) was measured at 690 GHz.
In addition, the 585 GHz mixer was cooled to both 77 IC and 4.2 K, with measured
system noise temperatures of 1250 (DSB) and 880 K (DS13), respectively. The
modeling techniques used were found to predict the measured conversion loss to
within several dB. The performance of planar diodes is now within a factor of 1.5 of
the best whisker-contacted Schottky diode results in this frequency range [1].

Introduction
Planar Schottky diodes can be used to build simple and reliable receivers that

operate at room temperature with excellent sensitivity. However, at submillimeter
wavelengths, the parasitic impedances associated with the planar diode structure
complicate mixer design, and it has been difficult to obtain performance comparable
to the best whisker-contacted Schottky mixers. The ultimate goal of this research is
to understand the effect of the planar diode geometry on mixer operation, and to
determine how best to design the diode chip and mixer circuitry for optimum
performance.

In particular, this paper describes the design, fabrication and testing of
waveguide receivers at 585 and 690 GHz using state-of-the-art planar Schottky
diodes [2,3]. The basic design procedure for the mixer, which includes numerical

*The National Radio Astronomy Observatory is operated by Associated Universities,
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modeling of the diode and mixer circuitry using Hewlett Packard's High Frequency
Design Software, is described. Receiver test results at both 585 and 690 GHz and
cryogenic test results for the 585 GHz mixer at both 77 K and 4.2 K are presented.
In order to gauge the accuracy of the modeling techniques used, the mixer losses are
estimated, and the modeling predictions are compared with the measured results.

Basic Mixer Configuration
The mixer block design, shown schematically in Fig. 1, was originally

developed for use with SIS junctions. The block used during this research was
fabricated at Rutherford-Appleton Laboratory using direct machining techniques. The
LO and RF signals are coupled into a 200 by 400 Am waveguide by a diagonal
feedhom [4] which is integrated into the mixer block. The transition from waveguide
to microstrip was designed using a scale model at 3.3-4.9 GHz, and exhibited a return
loss of greater than 25 dB over the full waveguide band. An IF and DC return to
ground is provided by a 25 pcm gold wire bonded to the microstrip which is shorted in
indium at the end of a quarter wave side channel. The diode, a UVa SC1T5 planar
diode with 2-10' 7 cm' epitaxial layer doping and 1.2 pm anode diameter, is mounted
across a gap in the microstrip. The distance between the gap and the low pass filter
was used as the main mixer tuning element, as discussed below.

Diode Modeling and Circuit Design
The equivalent circuit of Schottky junctions has been extensively investigated

and is rather well understood. However, the parasitic impedances created by the
planar diode chip structure can also have a great impact on receiver performance. To
determine the effect of the diode chip, Hewlett Packard's High Frequency Structure
Simulator (HFSS) was used to solve for the fields of the diode mounted in the
microstrip channel. By adding a small coaxial probe near the anode and solving for
the fields, the junction embedding impedance can be determined directly from the
HFSS solution. Fig. 2 shows a schematic of the area near the anode with a coaxial
probe inserted to determine embedding impedance.

Once the variation of the diode's embedding impedance with system
parameters was determined, the harmonic balance routines in MDS were used to
design the RF/LO coupling structures for the diodes. Typical diode parameters for an
SC1T5 diode are: Rs = 14 Q, = 1.17 , Isat 3-1047 A, and C j. = 2 ff. The values
for Rs , n and 'sat were determined by a least squares fit of the measured diode I-V to
the non-linear diode equation. The mixer simulations include plasma resonance and
skin effect by the addition of a complex series resistance. The mixer simulations at
585 GHz (assuming no circuit losses) predict a conversion loss minimum of 3.4 dB
(DSB) for an RF embedding impedance of 50+00 0, and a mixer noise temperature
minimum of 155 K (DSB) at 40-j10 Q. The simulations predict similar performance
for this diode at 690 GHz.

A schematic of the basic mixer microstrip configuration is shown in Fig. 3. On
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one side of the diode is a length of transmission line, 'match' between the diode and the
low pass filter. The low pass filter presents an open circuit at its input to the LO and
RF signals. On the other side of the diode is a length of rnicrostrip line running to
the waveguide transition. This mixer circuit configuration thus offers 3 main
variables for tuning: Zsource , Zmatch 

and 
Latch• Other important factors in determining

the embedding impedance are the width of the gap across which the diode is
mounted ( lgap), the diode chip geometry (e.g. finger length), and the diode mounting
(e.g. solder thickness). The mixer circuit chosen at 585 GHz for the SC1T5-SI0
diode (10 ktm finger length) had Z source

=Zmatch
= 50 0,1 =60 ktm, and im =--150gap atch

yielding a predicted embedding impedance of 45+130 0, a mixer conversion loss of
3.8 dB (DSB) and a noise temperature of 350 K. (DS13), assuming no transmission
line losses in the mixer. The simulations also indicated that this mixer design has a 3
dB conversion loss bandwidth of approximately 110 GHz.

Mixer Assembly and Receiver Test Setup
The microstrip circuits were fabricated on 35 pm thick quartz substrates. The

thin quartz wafer was mounted with wax on a silicon support wafer. The quartz was
sputtered with a metal seed layer of approximately 50 A of chrome followed by 2000
A of gold (the chrome layer aids the adhesion of the gold to the quartz). A layer of
positive photoresist was then patterned onto the surface, leaving clear the areas where
the microstrip circuits will be. Gold was then electroplated onto the microstrip
regions to a thickness of about 2-3 Am. The photoresist was removed and the seed
layer of gold and chrome was sputtered away. The quartz wafer was diced into
individual circuits before being removed from the silicon carrier. The IF/DC
connection wires were then bonded onto the choke and the diode was soldered across
the gap. Finally, the quartz structure was mounted into the mixer block and held in
place by the wires which were pressed into indium. A picture of a quartz choke
mounted in a mixer block is shown in Fig. 4.

A schematic of the quasi-optical test setup used to measure the mixer
performance is shown in Fig. 5. A Martin-Puplett diplexer [5] and an off-axis
parabolic mirror with a focal length of 60 mm are used to couple the LO and RF
power into the feed horn. The LO power is supplied by an FIR gas laser which is in
turn pumped by a CO 2 gas laser. The system noise temperature is measured using
the Y-factor method, alternating between room temperature and 77 K absorber. The
IF signals are amplified by an IF chain centered at 1.8 GHz and then fed into a
crystal detector. The IF chain has a variable attenuator which can be used to vary the
IF noise temperature, thus allowing calculation of the mixer noise temperature and
conversion loss. In order to match the diode's IF impedance (typically about 150 0)
to the IF chain, a quarter-wave microstrip IF impedance transformer was designed.
The measured IF return loss of the transformer was typically greater than 20 dB.

Testing was also performed at cryogenic temperatures in an Infrared
Laboratories HD-3(8) dewar, pictured in Fig. 6. The mixer block, IF impedance
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transformer, bias tee, isolator, and a low-noise amplifier are mounted on the cold
work surface, which can be cooled to liquid nitrogen and liquid helium temperatures.
The LO and RF power enters the dewar through a Teflon window (not shown), and
the IF signal is output through a stainless steel semirigid coaxial cable for further
amplification by the IF chain.

Room Temperature Results at 585 and 690 GHz
The best mixer results achieved to date at 585 GHz were obtained using the

SCIT5-SI0 diode, although similar results were obtained with the 5 and 20 Am
finger length SC1T5 diodes. A double sideband (DSB) receiver noise temperature of
2380 K and mixer conversion loss of 7.6 dB were measured using less than 0.5 mW
of LO power. A plot of the system noise temperature versus LO power is shown in
Fig. 7. The arrow on the horizontal axis marks the power at which the system noise
has risen 10% from its minimum value. The power was measured using a Scientech
Power-Energy Meter [6].

Testing was also performed at 690 GHz using the same mixer block with a
circuit designed specifically for this frequency. Testing with the SC1T5-S5 planar
diode yielded a DSB system noise temperature of 3110 K and mixer conversion loss
of 9.2 dB using less than 0.6 mW of LO power. A plot of the system noise
temperature versus LO power at 690 GHz is shown in Fig. 8. Currently, only two
circuits have been tested, and it is expected that testing different finger length diodes
with slight modifications to the circuit will improve the 690 GHz performance.

Cryogenic Results at 585 GHz
The 585 GHz mixer with an SC1T5-S10 diode was tested at both 77 K and

4.2 K. The DSB receiver noise temperature in the dewar dropped from a room
temperature value of 2630 K to a cooled noise temperature at 77 K of 1250 K.
Further cooling to 4.2 K reduced the system noise temperature to 880 K. In addition
to the improvement in system performance, the LO power requirement for the mixer
dropped significantly upon cooling, as shown in Fig. 9. The best room temperature
and cryogenic receiver results are summarized in Table I.

Comparison of Simulations with Measured Results
The predicted mixer performance discussed previously was for a mixer with no

circuit or coupling losses. The predicted losses for the 585 GHz and 690 GHz mixers
at room temperature are given in Table II. The losses in the microstrip and in the
planar diode chip were estimated using the 2-dimensional port solve routine in HFSS.
Conductor losses are difficult to estimate for transmission lines with significant
surface roughness. However, as discussed by Edwards [7], the loss for a microstrip
line with a surface roughness much larger than the skin depth is approximately
double that of a smooth line. The microstrip and planar diode chip conductor losses
in Table II have therefore been doubled from the value predicted for a smooth
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conductor. The conductor loss in the feedhorn was estimated by assuming that the
feedhom has a loss similar to that of the input waveguide, which was calculated using
HFSS to be 0.05 dB/mm. For a horn length of 12 mm this yields a horn loss of 0.6
dB. The losses in the quasi-optical system consist of losses in the off-axis parabolic
mirror and the Martin-Puplett diplexer. At submillimeter wavelengths, the off-axis
mirror has a loss of approximately 0.22 dB, while the diplexer minors have losses of
about 0.07 dB per reflection [8]. Each wire grid is estimated to cause 0.1 dB of loss.
A signal passing through the diplexer is affected twice by the mirrors, and three times
by the grids, leading to an estimate of 0.7 dB for the total quasi-optical system.

Using these estimates of the system losses, the modeling can then be compared
with the measured results, and as seen in Table II the two agree to within about one
dB. In general, it was found that the modeling techniques used in this research are
useful for designing a mixer to near the optimum operating point, but that the final
fine-tuning of the system must be performed experimentally. This fine-tuning is
aided by the insight that the modeling gives into the effects of various mixer
adjustments on the mixer performance. For the 585 GHz mixer, the experimental
adjustments consisted of testing mixers with various diode mounting positions,
various microstrip gap lengths, and diode chips with different finger lengths.

Conclusions
For the first time a planar diode mixer has exhibited performance comparable

to a whisker-contacted diode in this frequency range. Furthermore, it is important to
note that this performance was obtained with no variable tuning elements in the
mixer, in contrast to the best whisker-contacted mixers, which used tunable
backshorts. Also, the planar diode used for this research was not optimized for
operation at 600 GHz. By making slight changes to the mixer block and using higher
doped, smaller anode diameter diodes, planar diode mixers are predicted to perform
as well or better than the best whisker-contacted diode mixers in this frequency
range.

In summary, this research has demonstrated that through the use of modern
high frequency simulation tools, it is now possible to design and fabricate optimized
submillirneter wavelength mixers based on planar diodes. Furthermore, these mixers
can be quite broadband without the need for adjustable tuners. Future research will
lead to improved mixer performance and greater operating frequency. These new
mixers are expected to completely replace whisker-contacted mixers at most
submillimeter wavelengths, thus providing a simple, rugged, room temperature
receiver technology with excellent sensitivity.
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Fig. 1. Schematic of the Interior of the mixer block, showing the quartz circuit
and diode chip mounted in the block.

Fig. 2. 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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Fig. 3. Schematic of the basic mixer circuit configuration used during
this research.

Fig. 4. Picture of the microstrip circuit mounted in mixer block.
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Fig. 6. Picture of the Infrared Laboratories HD-3(8) dewar used during the
mixer testing at 77 K and 4.2 K
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Fig. 7. 585 GHz receiver results using the UVa SC1T5-S10 planar
diode at room temperature. The arrow indicates the power at which the
system noise temperature has risen by 10% from its minimum value.
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Fig. 8. 690 GHz receiver results using the UVa SC1T5-S5 planar diode
at room temperature. The arrow indicates the power at which the
system noise temperature has risen by 10% from its minimum value.
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Fig. 9. 585 GHz results for the UVa SC1T5-SI0 planar diode at 77 K
and 4.2 IC The arrows indicate the power at which the system noise
temperature has risen by 10% from its minimum value.

TABLE I
Summary of Receiver Test Results at 585 and
690 GHz for the SC1T5 planar Schottky diode

vRF

(GHz)
Temp.

(K)

T sDysSB

(K)

2, , ;If

(K)

DSBL

(dB)

585 300 2380 1800 7.6

585 77 1250 1110 9.0

585 4.2 880 840 9.0

690 300 3110 2380 9.2
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TABLE II
Comparison of the measured results with the modeled

results, including estimated system losses.

585 GHz , 690 GHz

Modeled

L }
D
ur (no loss) (dB) 3.8 5.5

Microstrip Losses (dB) 1.0 1.0

Losses in Diode Chip (dB) 0.7 0.7

Hom Losses (dB) 0.6 0.6

Diplexer and Mirror Losses (dB) 0.7 0.7

L H
D

I
S
3

B
 (with loss) (dB) 6.8 8.5

Measured,

7.6 9.2L DSB (dB)
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