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Subharmonic Receiver
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Abstract— A wideband planar subharmonic mixer has been
designed for millimeter-wave operation. The receiver consists of
a novel back-to-back Schottky-diode pair integrated at the base of
a wideband log-periodic antenna and placed on a silicon lens. The
wideband planar receiver results in state-of-the art-performance
at 90 GHz (and 182 GHz) with a double-sideband conversion
loss and noise-temperature of 6.7 dB (and 8.5 dB) and 1080 K
(and 1820 K), respectively. These results are about 3 dB higher
than the best tuned waveguide subharmonic mixers using planar
diodes. The design is well suited for higher frequencies (up to
1 THz) and for the inclusion of biased back-to-back planar diodes
to ease the LO power requirements. The planar subharmonic
approach results in an inexpensive wideband receiver and the
design can be easily extended to receiver arrays.

I. INTRODUCTION

ILLIMETER-WAVE subharmonic mixers use an anti-

parallel diode pair to generate a nonlinear conductance
waveform at twice the frequency of the applied oscillator (LO)
signal [1], [2]. The LO frequency is half the RF frequency, and
therefore the isolation between the RF and LO ports is simple.
This is commonly done using a suspended-stripline filter, if
the LO is waveguide-coupled to the mixer diodes. In the case
of a quasi-optical system, the isolation is achieved using a
dichroic plate (frequency selective plate). The dichroic plate
is simple to construct and will accept a relatively wide range of
incidence angles for the RF and LO signals which is important
for imaging array design. Another advantage is that for well
matched diodes, the mixer generates only odd-order harmonics
of the LO signal and there is no DC current flowing through
the outside circuit of a subharmonic receiver [3]. This results
in a simpler design. The subharmonic design has the advantage
of local oscillator noise suppression [4]. The disadvantage of
the subharmonic design is increased LO power requirements
for unbiased diodes and a potential for higher conversion loss
and noise temperature due to unmatched diodes.
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Currently, all subharmonic mixers are of the waveguide
design and are commercially available up to 180 GHz. The
mixers typically cover a full-waveguide band and optimal
performance is achieved with the use of two waveguide
tuners in the RF port and a well matched back-to-back diode
pair. This has proven difficult to achieve at millimeter-wave
frequencies with the whisker-contacted type, although Carlson
and Schneider have built a 205 GHz receiver with 1800 K
SSB noise temperature using whisker diodes [5]. Recently,
the University of Virginia (UVa) developed a planar back-
to-back diode chip suitable for millimeter-wave applications.
The diodes are well matched and exhibit a reduced parasitic
capacitance due to the surface channel fabrication procedure
[6]. Siegel et al. built a 205 GHz waveguide receiver using
the UVa back-to-back diodes which resulted in a 1600 K SSB
mixer noise temperature [7]. This represents the best result
ever for a subharmonic mixer at this frequency. The 205 GHz
mixer is complicated to build, requiring two waveguides
of different dimensions, 2 E-plane tuners, 2 backshorts and
a suspended stripline circuit. This type of mixer is very
expensive, especially if built at 600 GHz.

A mixing antenna with quasi-optical RF and LO inputs
can result in a much simpler design. A subharmonic mixing
antenna has been investigated by Stephen et al. using a bow-tie
antenna on a thin dielectric substrate [8]. We have improved
the receiver design by combining the planar back-to-back
Schottky-diode chip with a wideband log-periodic antenna
integrated on a high-resistivity silicon wafer [9]. The log
periodic antenna is placed at the back of a silicon lens to
eliminate power loss to substrate modes and to render the
pattern unidirectional. A polyethylene (¢, = 2.3) quarter-wave
matching layer is used at the silicon-air interface to reduce the
air-dielectric reflection loss [10]. The LO signal is injected
quasi-optically, and the log-periodic antenna catches both the
RF and LO signals. An optional matching network can be
integrated at the antenna apex for better RF power transfer
into the diode pair [11]. The design can be easily implemented
with a spiral antenna if a circular polarization is desired. The
upper frequency is only limited by the diode design and not the
RF coupling (i.e., antenna, and matching networks), and UVa
is currently fabricating high quality planar 0.5 ym diodes for
600—800 GHz applications. The planar subharmonic receiver
is compatible with the fabrication procedure of the back-to-
back diode making this approach fully monolithic. This results
in an inexpensive receiver suitable for submillimeter-wave
imaging arrays.

0018-9480/93$03.00 © 1993 IEEE
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Fig. 1. 26-260 GHz planar log-periodic antenna with ¢ = 0.707 and

7 =0.5.

II. ANTENNA-LENS DESIGN AND MEASUREMENTS

The antenna is a planar self-complementary log-periodic
antenna [12] with ¢ = 0.707 and 7 = 0.5 designed to cover
the 26 to 260 GHz band (Fig. 1). The values of o, 7 yield a
wideband antenna that maps onto itself every octave. This is
advantageous since the LO and RF frequencies are approxi-
mately one octave apart. The log-periodic antenna is placed on
the back of a silicon lens to eliminate power loss to substrate
modes [13]. The dielectric lens also enhances the pattern in the
direction of the dielectric and increases the gain. The antenna
input impedance is independent of frequency, and is related to
the dielectric constant by

Zant = _ 189¢@ 1)
where 189 Q) is the impedance of any self-complementary
structure in free-space, and ¢, is the relative dielectric constant
of silicon. This yields an impedance of 74 € for a log-periodic
antenna on a silicon lens (e, = 11.7). As will be seen later,
this impedance does not introduce a large mismatch between
the antenna and the back-to-back Schottky-diodes. The log-
periodic antenna is linearly polarized but shows a considerable
cross-polarization component in the E-and H-planes ranging
from —-5 dB to —14 dB depending on the frequency. The po-
larization direction of the log-periodic antenna was measured
from 35 GHz to 180 GHz and found to vary by +22.5° with the
period given by the teeth geometry (Fig. 2). The polarization
measurements fit well the model that the strongest radiation
results from the portion of the teeth that is A, /4 long,
where )\, is the mean wavelength calculated using the mean
dielectric constant between silicon and air (e, = (1 + ¢€,)/2).
The radiation mechanism alternates between the left and right
teeth and results in the £22.5° polarization-direction change.
The cross-polarization measurements also support this model,
being low (—14 dB) when the log-periodic antenna is radiating
from the center of a tooth and high (—5 dB) when the log
periodic antenna is radiating from both left and right teeth
during the transition which occurs just past the A, /4 center
frequency for a tooth (Fig. 2). It is also possible to use a self-
complementary logarithmic spiral antenna to yield a circularly
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Fig. 2. Measured polarization angle (a) and cross-pol magnitude (b) versus
frequency for the log-periodic antenna on the substrate lens.
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Fig. 3. The extended hemispherical silicon substrate lens.

polarized pattern. In this case, the cross-polarized component
is very low ( < —20 dB) at all frequencies of operation [11].
However, the spiral antenna will exhibit a 3 dB polarization
mismatch loss when coupling to a linearly polarized wave.
The log-periodic antenna is placed on an extended hemi- .
spherical silicon lens shown in Fig. 3. More precisely, the log-
periodic antenna is 2220 pm behind the center of a 0.68 cm-
radius hemispherical silicon lens. The spacing wafers with a
total thickness of 1070 ym consist of high resistivity silicon
substrates (> 2000 Q—cm). This configuration was chosen



1732
O AT T VIIIIV[IIIIHII|]\KXI|)11I_‘
F Co—Pol Eg-
r Co—pol (H)~
5L - X-Pol iE% ]
= °r -%\- X-P ]
o X-Pol (H 1
= r ]
g -10 VAN .
I i SN
4] L /” Vs
r {
o L
5 ~15 I
-y /
- i
o
:-s L /
% —R0
L vl \ X
L/ Tl %
—30 I,llIIIlILL\IIIIIIKllLJ._LlIIIIHHIJ_\_IIIIVIIIILLULIHHIIIIII
-60 -40 -20 0 20 40 60
Angle (degrees)
(@
O [IITTTITT T T T T T
L Co—Pol E;
r Co—pol (H)
oL ---- X~Pel %E% h
a‘ﬁ - = = X-Pol (H) ]
A ]
g -0 ]
R= L ]
L L 4
@] L i
L _y5 L ]
5 L ]
© I J
= r ]
g —20 7y E
[ \l !
L ]
-R5 I\t ]
[ T
A S
~30 Lo ﬂ.ih Ll
-60 —40 -0 0 20 80
Angle (degrees)
©
Fig. 4.

after a ray-optics based calculation by Filipovic et al. on
the gaussian-coupling and directivity properties of hyperhemi-
spherical and extended hyperhemispherical lenses (see [14]).
The calculations were performed for double-slot and double-
dipole antennas with symmetric patterns and it was found
that a position between 2200 and 2400 ym yields good high
gain patterns and good gaussian coupling efficiencies (85%)
in the frequency range from 100 to 500 GHz. It is important
to note that the hyperhemispherical position of 2000 pm
yields an even higher theoretical coupling efficiency (90%)
but at the expense of lower gain and therefore lower f-
number imaging systems. The position of 2220 um is seen
as a compromise between high gain patterns needed for large
f-number quasi-optical systems and a small reduction in the
gaussian-coupling efficiency. The log-periodic antenna was, of
course, not analyzed in [14]. However, a 2220 pm position is
chosen for the subharmonic mixer and, as will be seen later,
resulted in good patterns and gaussian-coupling efficiencies.
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The measured radiation patterns for the log-periodic antenna on thesubstrate lens at 40 GHz (a), 90 GHz (b), 180 GHz (c), and 250 GHz (d).

Fig. 4 shows the measured E and H-plane patterns of
the log-periodic antenna at 40 GHz, 90 GHz, 180 GHz and
250 GHz placed at the 2220 ym position. The 45°-plane
patterns are very similar to the E-plane patterns and are not
shown. The cross-polarization pattern is very similar to the co-
polarized pattern but with a —5 dB to —14 dB peak depending
on the frequency. Only a small amount of power radiates from
the back side of the substrate lens. The back side patterns
{(not shown) are wider and at least —20 dB from the front
side patterns. The matching gaussian beams at 90 GHz and
180 GHz are discussed in the mixer measurement section
(Section IV). If the log-periodic is placed at a position of
2750 pm behind the hemispherical center, an elliptical lens
is closely approximated. Patterns with lower sidelobes are
achieved at 180 GHz and 250 GHz in this position but at
an expense of lower gaussian coupling efficiency (see [14]).
It is important to note that the log-periodic antenna pattern
inside the dielectric substrate lens is frequency independent
but the lens acts as a circular aperture of approximately
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TABLE 1
MEASURED PARAMETERS FOR BOTH JUNCTIONS ON THE BACK-TO-BACK DIODE CHIP.

Diode SR2T1 Anode dia. (prm) Cjo (fF) Is (Amps) Ideality factor Rs (Q) Pp; (Volts)
Junction 1 1.3 4 8.9 x 1017 1.20 10.8 0.84
Junction 2 1.3 4 1.9 x 1017 1.14 114 0.88

Fig. 5. SEM picture of the surface channel back-to-back diode chip before
- GaAs substrate thinning.

constant dimension resulting in narrowing far field patterns
as frequency increases.

III. DIODE CHARACTERISTICS AND RF MEASUREMENTS

The GaAs anti-parallel Schottky-diode chip, shown in
Fig. 5, is an SR2T1 type developed and fabricated at the
University of Virginia. The chip is 250 ym long and 125 pym
wide. The anode and catheode contact pads are 125 pm X
100 ym. The finger length is 50 ym with a thickness of
2 um and width of 3 yum. A surface channel technology
has been used to eliminate the conducting path between the
anode and cathode pads [15] and to reduce the parasitic
capacitance between the anode and cathode. The parasitic
capacitance is further minimized by thinning the GaAs wafer
to 7 pm and placing it on a quartz substrate for mechanical
rigidity considerations. Details of the fabrication procedure
and the substrate thinning technique are presented in [16].
The diode chip is then epoxied at the antenna apex using a
low-temperature process. The quartz substrate can be removed
after the chip is bonded in place by simply dissolving the
adhesive [16] between the GaAs chip and the quartz substrate.
However, in this work, the quartz substrate was kept attached
to the diode. The diodes consist of a 900A n~ layer doped
at 2 x 10'7/cm® backed by a 5 pm n* layer doped at
3 x 1018 /cm3.

The diodes have an average anode diameter of 1.3 pm,
a ‘measured DC series resistance of 11 {2 and a zero-bias
capacitance of 4fF. The diodes are very similar with an ideality
factor n = 1.2, a barrier height of 0.85 V and a turn on voltage
of 0.7V at 1 yA (see Table I). The total parasitic capaci-

tance for the quartz- supported diode is estimated at 3-4fF,
thereby yielding a figure-of-merit cutoff frequency of approxi-
mately 2 THz.

Video detection measurements were done at 90 GHz and
180 GHz by shining a plane wave with a known power density
on the log-periodic/substrate lens antenna and measuring the
output detected voltage in a 106 KQ load using a lock-in
amplifier. The RF plane-wave is calibrated to +5% using an
Anritsu power meter at 90 GHz and a large-area bolometer at
180 GHz [17]. The video responsivity is defined here as the
ratio of the detected low-frequency voltage across a 106 K2
load divided by the RF power available at the terminals of the
log-periodic antenna. This definition eliminates the effect of
the planar antenna and results in an RF source with a constant
impedance of 74 Q at 90 GHz and 180 GHz. The available
power, P,,, at the antenna terminals is given by

Pay = SATya, @)

where S is the incident power density, A. is the effective
aperture of the log-periodic/silicon lens antenna calculated
from the measured directivity, D,, using the formula A, =
(A%/4m) D,. The directivity is in turn calculated using full-two
dimensional measurements of the co-polarized and cross-
polarized patterns with a signal-to-noise ratio- of better than
40 dB and standard textbook formulas [18]. I'; is the loss at
the silicon-air interface calculated using simple transmission-
line analysis to be 1.5 dB and «; is the dielectric loss in the
1000 Q—cm silicon lens estimated to be 0.5 dB [19].

The measured and theoretical video responsivity at 90 and
180 GHz are shown in Fig. 6. The diode parameters used are
a series resistance of 11 2, a zero-bias junction capacitance of
4 {F, an ideality factor of 1.2 and a barrier height of 0.85 V.
The model has one free parameter, the parasitic capacitance,
chosen to be 3 fF. The peak video responsivity is 2600 V/W
at 90 GHz and-1100 V/W at 180 GHz and is competitive with
whisker diodes at these frequencies. The model fits well the
measurements at 90 GHz and 180 GHz without changing any
of the diode parameters between the two frequencies. Since
the absolute power density is known to +5% and the estimated
error in the antenna directivity is +5%, the capacitance estimate
from video responsivity measurements is accurate to about
2 fF. The results do confirm the DC measured values of the
total diode capacitance and that the thinning procedure results
in a lower parasitic capacitance.

1IV. MIXER MODELING AND MEASUREMENTS

A. Nonlinear Analysis

A nonlinear program was written at the University of
Michigan for the analysis of subharmonic mixers. The program
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TABLE 11

REesuLTs FROM NON-LINEAR ANALYSIS FOR THE SUBHARMONIC MIXER (LO

AND RF EMBEDDING IMPEDANCES ARE 74 2, IF IMPEDANCE Is 110 ).

Conversion Loss

Fr, (GHz) Frr (GHz) Lo Power (mW) RF Impedance (§2) Lo Impedance (£2)  If Impedance (£2) (SSB) (dB)
45 90 5.0 42471 72-1284 154 8.0
- - 6.6 44-j48 91-j226 98 7.6
; - 8.0 4435 93.i193 75 8.3
91 182 6.0 17340 20142 140 103
) ) 76 18337 244133 108 9.6
- . 9.0 21-j34 27123 84 98
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Fig. 6. Measured video responsivity versus bias current for the diodes at
90 GHz (2600 V/W peak) and 180 GHz (1100 V/W peak).

is based on the reflection algorithm developed by Kerr et
al. [20] and takes into account the asymmetrical I-V curve
of the back-to-back diodes. This is done by splitting the
antiparallel diodes into two equivalent single diodes with LO
terminating impedances set to zero for even harmonics and DC
[3]. The higher order terminating impedances at 3fr,,5 fio
and 7fr, are taken to be the wideband antenna impedance
of 74 ) in parallel with the parasitic capacitance of the
diode. All impedances at higher harmonics are assumed to
be short-circuited. The analysis was done for the conversion
loss only and the results for a 90 GHz RF and a 182 GHz
RF are summarized in Table II. The analysis indicates that
a single-sideband conversion loss of 7.6 dB and 9.6 dB are
attainable at 90 GHz and 182 GHz, respectively, without an
RF matching network. The available LO power at the antenna
apex is 6.6 mW at 45 GHz and 7.6 mW at 91 GHz. The
corresponding RF, LO and IF impedances are shown in
Table II and result in an LO mismatch of 1.6 dB at 45 GHz
and 2.8 dB at 91 GHz. It is possible to improve the conversion
loss by 1 dB at 90 GHz and 2.7 dB at 182 GHz with an RF
matching network at the apex of the antenna. The penalty is
a reduction in bandwidth.

B. Quasi-Optical System and Receiver Setup

The quasi-optical measurement setup is shown in Fig. 7.
A dichroic plate was not available for this experiment and
a Martin—Pupplett diplexer was used to inject the local os-

To power
meter

Fig. 7. Quasi-optical setup for measuring DSB conversion loss and noise
temperature.

cillator to the subharmonic mixer. The Martin—Pupplett uses
polarization grids and its response is therefore independent
of frequency. It can be easily configured to pass the LO
signals from the LO port and the upper and lower sideband RF
signals at approximately twice the LO frequency from the RF
port (Fig. 8). However, the Martin—Pupplett also passes the
upper and lower sidebands of the LO signal from the RF port.
Therefore, one must be careful that fundamental mixing is
not occurring at the diode terminals. This is achieved by using
well balanced back-to-back diodes that inherently eliminate the
fundamental mixing mechanism. The back-to-back diode DC
current in the outside loop was around 80 uA for an estimated
available 45 GHz LO power of 9 mW at the diode terminals.
This is about 30 times smaller than what is expected from a
single diode at comparable LO power and is an indication that
the back-to-back diodes are well balanced and suppressing
fundamental mixing.

The quasi-optical measurement setup provides a two lens
system for coupling the LO signal from the Gunn source to the
mixer. The RF signal is coupled to the hot-cold load through
only one of the lenses. The lens system was designed by
determining the beamwaist of the antenna from the measured
patterns. LO coupling through the two lens system is optimized
at 91 GHz. LO coupling at 45 GHz is less of a concern since
there is an excess of available power from the source. RF
signals at both 90 GHz and 182 GHz are well coupled to
the absorber through the f-number 1.4 objective lens. The
diffraction loss in the Martin—Pupplet diplexer is estimated
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to be 0.2 dB. The lenses are 10 cm diameter Rexolite with
estimated total reflection and dielectric losses of 0.6 dB at
90 GHz and 0.8 dB at 182 GHz. These are taken out of the
measurements for the noise figure and conversion loss. The
pertinent dimensions in the quasi-optical LO injection system
are shown in Fig. 7.

A horizontal polarization grid is placed at 45° in front of the
log-periodic/silicon lens antenna to reflect the cross-polarized
component into a hot-cold load. In this configuration, both the
copolarized and cross-polarized components contribute to the
RF signal. This measurement method simulates well a dichroic
plate which can be designed to pass both RF polarizations. The
hot-cold load is an Eccosorb AN-72 and the cold temperature
is estimated to be 85 K at millimeter-wave frequencies [21].
A polyethylene matching cap layer was used at 90 GHz RF
and 182 GHz RF and improved the noise temperature and
conversion loss by 0.6 dB. This was lower than the expected
value of 1.2 dB due to the difficulties encountered in building
a thin spherical plastic lens cover. The available LO power
at the diode terminals is estimated by measuring the total
radiated power at 45 GHz and 91 GHz and then normalizing
out the dielectric reflection and absorption loss in the two
lens system, the dielectric reflection and absorption loss in
the silicon lens and the gaussian coupling ecfficiencies of
the pyramidal LO horn (estimated to be 60%) and the log-
periodic/silicon lens. The IF chain consists of a 10 dB coupler,
a bias-T to measure the outside DC current, a circulator, a low-
noise amplifier chain, a 100 MHz band-pass filter centered at
1.4 GHz and a calibrated IF power meter. The 10 dB coupler
is used to measure the IF reflection coefficient and is removed
for standard receiver measurements. The IF chain has a gain
of 98.5 dB and a 96 K noise temperature without the 10 dB
coupler.

C. 90 GHz and 182 GHz Measurements

The measured double-sideband conversion loss and noise
temperature at 90 GHz and 182 GHz versus available LO
power at the diode terminals are shown in Fig. 9. The con-
version loss and noise temperature are referenced to a hy-
pothetical plane in front of the log-periodic/silicon lens and
include the antenna gaussian coupling efficiency (estimated
to be around —0.7 dB), the residual reflection loss (—0.9 dB)
and absorption loss (—0.5 dB) in the silicon lens, the diode
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Fig. 9. Measured conversion loss and noise temperature at 90 GHz () and
182 GHz (b) versus estimated LO power available at the antenna terminals.

intrinsic conversion loss, the mismatch between the log-
periodic antenna and the back-to-back diodes and the IF
mismatch at 1.4 GHz. A minimum DSB conversion loss of
6.7 dB at 90 GHz and 8.5 dB at 182 GHz is attained at
an available LO power of about 9 mW (Fig. 9). Agreement
with the non-linear analysis is good when the antenna and
silicon lens losses are taken into account. At 182 GHz the
minimum DSB noise temperature of 1820 K is attained si-
multaneously with the minimum conversion loss. At 90 GHz
a minimum DSB noise temperature of 1070 K is measured
experimentally at a lower LO power of 8§ mW. At both
frequencies the IF impedance is experimentally determined to
be about 110 €2 using an IF power reflection measurement. A
microstrip matching network is used to reduce the IF reflection
coefficient to less than 0.1 dB for minimum noise-temperature
measurements. The noise temperature and conversion loss
were about 2 dB higher if the cross-polarization component
was not cooled, but terminated in a room temperature absorber.
This shows that a significant fraction of the power is in the
cross-polarized component and that it should not be ignored
when using a log-periodic antenna on a dielectric lens for
receiver measurements.
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V. CONCLUSION

A wideband quasi-optical subharmonic receiver has been
built for millimeter-wave applications. The receiver is based on
a wideband log-periodic antenna placed on a silicon substrate
lens and a back-to-back diode. The polarization propertics of
the planar log-periodic antenna on a silicon substrate lens
have been investigated from 35 GHz to 180 GHz. It was
found that the antenna exhibits a +22.5° periodic polarization
change given by the antenna geometry and a periodic change
in the cross-pol magnitude (between —5 dB and —14 dB).
The receiver exhibits excellent room temperature performance
being only 3 dB higher than the best waveguide mixers at
182 GHz. This is due to the use of a planar back-to-back
diode with low parasitic capacitance and the characterization
of the log-periodic antenna and its optimal placement on
a dielectric lens. The receiver is monolithic and.can easily
operate from 80 GHz to 260 GHz with the use of appropriate
dichroic plates. Furthermore, the receiver performance may
be improved by 2—3 dB with the inclusion of an RF matching
network at the apex of the antenna.
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