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A 60-GHz Uniplanar MMIC 4 Subharmonic Mixer
Michael W. Chapman, Member, IEEE,and Sanjay Raman, Member, IEEE

Abstract—A uniplanar GaAs monolithic microwave integrated
circuit 4 subharmonic mixer (SHM) has been fabricated for
60-GHz-band applications using an antiparallel diode pair in finite
ground coplanar (FGC) waveguide technology. This mixer is de-
signed to operate at an RF of 58.5–60.5 GHz, an IF of 1.5–2.5 GHz,
and an LO frequency of 14–14.5 GHz. FGC transmission-line
structures used in the mixer implementation were fully charac-
terized using full-wave electromagnetic simulations and on-wafer
measurements. Of several mixer configurations tested, the best
results show a maximum conversion loss of 13.2 dB over the
specified frequency range with a minimum local-oscillator power
of 3 dBm. The minimum upper sideband conversion loss is 11.3 dB
at an RF of 58.5 GHz and an IF of 2.5 GHz. This represents
excellent performance for a 4 SHM operating at 60 GHz.

Index Terms—Coplanar transmission lines, coplanar
waveguides (CPWs), millimeter-wave integrated circuits, mixers,
monolithic microwave integrated circuits (MMICs), Schottky
diodes.

I. INTRODUCTION

A S THE demand for high-speed high-capacity wireless data
transmissionbecomesgreaterandgreater,millimeter-wave

frequencies, such as those in the 60-GHz band, may offer an at-
tractive alternative to the microwave frequencies currently allo-
catedforwirelessdatatransmission. Inparticular, the58–62-GHz
frequency range has received recent attention as a possible candi-
date for secure high-speed wireless networks. Although an atmo-
spheric attenuation peak exists from 58–62 GHz due to oxygen
resonance, this band could be useful for short-range links in sys-
tems such as indoor wireless local area networks (WLANs) and
intelligent transportation systems (ITSs) [1].

Downconverting a received signal from high frequencies
such as 60 GHz presents a significant challenge to the RF circuit
designer. In particular, local oscillators (LOs) with adequate
output power at millimeter-wave frequencies often incorporate
physically large and expensive waveguide resonators. Subhar-
monic mixing offers an alternative to using a higher frequency
(millimeter-wave) LO. For fundamental mixers, the oscillator
is separated in frequency from the RF signal by some relatively
small offset equal to the IF . Mixers
typically have a specified minimum LO power below which the
frequency-conversion performance degrades drastically. At mil-
limeter-wave frequencies, it may be difficult to meet these power
requirements with an integrated oscillator. Subharmonic mixers
(SHMs) offer an alternative to fundamental mixers in that the
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LO frequency is at some integer fraction of the fundamental
LO frequency (i.e., ). The benefit of this
approach is that it allows the use of a LO at a relatively low fre-
quency at which the output power and phase noise performance
may be superior to that which is available at the fundamental
frequency. This technique has been successfully implemented in
many millimeter-wave mixer applications [2]–[6].

The most widely implemented SHM topology is the antipar-
allel diode configuration [7]. This consists of a pair of diodes in
parallel with polarity reversed relative to one another. The ad-
vantage of this configuration is that the diode pair conducts on
both the positive and negative portions of the LO cycle, resulting
in an inherent 2 multiplication of the LO frequency. There-
fore, ideally, the only frequency components present in the LO
switching waveform are multiples of the second LO harmonic.
This suppresses the fundamental mixing response, improving
conversion to the subharmonic IF products.

The motivation of this research is the implementation of
a 60-GHz monolithic-microwave integrated-circuit (MMIC)
SHM in finite ground coplanar (FGC) waveguide technology.
This transmission-line topology has several advantages for
MMIC implementation [8]. These advantages include low dis-
persion, low line attenuation, lower radiation loss for odd-mode
operation, and flexibility in designing line dimensions for a par-
ticular characteristic impedance (i.e., characteristic impedance
is largely unaffected by substrate thickness) [9]. The coplanar
ground planes also obviate the need for backside ground con-
nections, simplifying processing and design by eliminating the
dependenceonvias forgroundconnections,asseen inmicrostrip.

II. FGC WAVEGUIDE DESIGN

FGC line (Fig. 1) is a coplanar waveguide (CPW) variant with
truncated ground plane widths to avoid the excitation of a par-
allel-plate waveguide mode between the CPW ground plane and
backside metal plane [8], [9]. If the ground planes are made
narrow enough such that the overall structure width (

, see Fig. 1) is less than a quarter of a dielectric wavelength
in the substrate at the highest frequency of interest, ex-

citation of the parallel-plate waveguide mode may be avoided
without the use of vias.

Simulations were conducted using Zeland’s IE3D1 in order
to determine the optimum FGC dimensions for a 50-char-
acteristic impedance on the given substrate. While advanced
coplanar models are becoming available within microwave
computer-aided design (CAD) software environments, such
models were not available to the authors at the time this study
was performed, necessitating this standalone electromagnetic
(EM) analysis. The lines were simulated as 4.5-m-thick

1IE3D, rel. 5, Zeland Software, Inc., Fremont, CA, 1998.
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Fig. 1. FGC line topology and standard 50-
 dimensions.

gold conductors on a 125-m-thick GaAs ( ,
) substrate corresponding to the available process

technology (M/A-COM, Roanoke, VA, MSAG-5). The process
also includes a 0.4-m-thick SiN ( , )
passivation layer (as shown in Fig. 1), which is accounted for
in the simulations. The center conductor width is practically
limited by line attenuation, dispersion, and the requirement to
maintain a total structure width less than to avoid parasitic
mode excitations. If the line is too narrow, the line attenuation
may become prohibitively high. At greater linewidths, dis-
persion may arise, indicated by a varying effective dielectric
constant over frequency. The ground-plane widths were
set to be equal to the overall slot width .

The simulated effective dielectric constant and line attenua-
tion for various center conductor widths are shown in Fig. 2(a)
and (b), respectively. These graphs indicate that a center con-
ductor width of 40 m offers an acceptable combination of low
line attenuation and low dispersion (indicated by the flatness of
the plot). The FGC dimensions shown in Fig. 1 reflect the
standard 50- transmission-line dimensions for the given sub-
strate as simulated. These dimensions were subsequently used
as the standard FGC transmission-line dimensions throughout
development of the mixer.

III. M IXER DESIGN AND SIMULATION

4 SHMs were designed and simulated using the HP (now
Agilent) EEsof Series IV simulation software.2 The simulated
mixer schematic is shown in Fig. 3. These simulations were con-
ducted with ideal distributed transmission-line elements and the
standard Libra p-n diode model. The diode model parameters
were provided by the foundry (M/A-COM, Roanoke, VA) and
are shown in Table I.

For best mixer performance, it is important that the full LO
voltage be dropped across the diode pair. The open-
circuit stub terminates the diode pair in a short circuit at the side
opposite the LO port. Similarly, a short-circuit stub on
the opposite side from the RF port provides a short circuit at
RF. For a 4 SHM, the RF is approximately equal to four times
the LO frequency. Therefore, the stub is approximately

2HP EESof Communications Design Suitever. 6.6, Hewlett-Packard Com-
pany, Santa Clara, CA, 1997.

(a)

(b)

Fig. 2. Simulated FGC line characteristic for various center conductor widths.
(a) Effective permittivity. (b) Line attenuation.

Fig. 3. Schematic of the 4� SHM design.

equal to at the LO frequency. This presents an open circuit
at this frequency, allowing the LO signal to pass undisturbed.

The IF port is coupled to the diodes via a trans-
mission line. On the IF port side of the transmission line is a
shunt open-circuit stub. The purpose of this network
is to present an open circuit to the RF signal so that the IF port
does not degrade conversion loss by loading the RF signal. The
components used in this network are electrically small enough
at the IF to be essentially transparent at that frequency. The RF
bandpass filter (BPF) indicated in the schematic serves a sim-
ilar purpose. This filter passes the RF frequencies, but presents
an open circuit at IF frequencies so the IF signal is not loaded
by the impedance of the RF port. This filter was implemented
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TABLE I
M/A-COM MSAG-5 SCHOTTKY MIXER DIODE PARAMETERS

with an FGC series open-circuit stub, which was modeled with
an equivalent lumpedL-C circuit based on IE3D modeling for
Libra simulations [6].

The diode pair indicated in the schematic was implemented
using two variations of the antiparallel Schottky diode configu-
ration. In the first configuration, the diode pair is connected as
shown in the schematic. In the second variant, however, three
parallel Schottky diodes (layout unit cells) are substituted for
each diode indicated in the schematic. This was done in an
effort to reduce the effects of diode series resistance on
mixer conversion loss; is known to be a major contributor to
diode mixer conversion loss. The parallel combination of three
diodes divides the effective of the structure by an approxi-
mate factor of three.

Since this is a 4 SHM, it is desirable to suppress other un-
desired subharmonic conversion products. These products arise
from conversion of RF power to output frequencies such as

and . These mixing products represent
a loss mechanism to the 4subharmonic conversion product by
stealing converted RF power that would otherwise be converted
to the 4 subharmonic IF. Since the RF is approximately
equal to , the product falls at approximately

. Therefore, the stub is included at the side
of the diode pair from which the IF is extracted. Similarly, the

conversion product also falls at approximately
and is, therefore, suppressed by the presence of the

stub. Fig. 4 shows the simulated conversion loss of
the desired mixing product compared to that of
the unwanted mixing products ( and ).
Fig. 4(a) shows that without the stub, the undesired

output product is dominant, actually having better
conversion loss than the desired 4subharmonic conversion
product. Fig. 4(b) shows the simulated conversion loss of the
circuit after the addition of the stub. It can be
seen that, at the optimal LO drive levels, the
conversion loss is degraded by 15 dB. The result is an improved
conversion loss for the desired IF product . In this
particular case, the conversion product does not
significantly affect mixer performance since its conversion loss
is approximately 15 dB greater than the RF- product with
or without the stub. The difference in mixer performance
with and without the suppression stub is plotted versus
frequency in Fig. 5.

An optional LO matching network was included in some
mixer simulations in an effort to reduce the LO power required
for optimal mixer conversion loss. This network consists of a
series delay line followed by a shunt short-circuit stub. Fig. 6
shows the simulated impedance presented to the LO port
before and after the addition of the matching network. It is
evident from this graph that the port impedance has a capacitive
reactance prior to the addition of the matching network. The

(a)

(b)

Fig. 4. Simulated conversion loss versus LO power of various mixing products
(triple-diode mixerRF = 60 GHz). (a) No2f suppression stub. (b) With
2f suppression stub.

Fig. 5. Simulated upper sideband (USB) conversion loss versus frequency for
various mixing products (triple-diode mixer with and without2f stub, LO
power= 7 dBm).
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Fig. 6. Simulated LO input impedance (triple-diode mixer).

(a)

(b)

Fig. 7. Simulated conversion loss of various mixer configurations: (a) versus
LO power atf = 60 GHz and (b) versus RF frequency at respective LO
power levels for minimum conversion loss, as shown in (a) forf = 60GHz.

short-circuit matching stub is inductive at the LO frequency,
providing an approximate conjugate match to the capacitive
reactance presented by the diodes. The length of this stub was
determined by iterative tuning for optimum mixer conversion
loss, not necessarily to provide an exact conjugate match. In a
comparison of the matched and unmatched input impedances,

Fig. 8. Simulated 1-dB compression point of triple-diode mixer with LO
matching (f = 60 GHz, LO powerP = 7 dBm).

(a) (b)

(c) (d)

Fig. 9. FGC distributed stub layout dimensions. (a) Open-circuit� =4@f .
(b) Open-circuit� =4@f . (c) Open-circuit� =4@2f . (d) Short-circuit
� @f .

the two are fairly similar. A given impedance point, however,
occurs at a noticeably lower LO power for the matched case
than for the unmatched case. This behavior is mirrored in the
simulated conversion loss performance.

The simulated conversion loss data for the four mixer varia-
tions are shown in Fig. 7(a) and (b). The effect of the matching
networks can be seen in Fig. 7(a). In the case of the single-diode
mixer, the optimum LO drive level shifts from between 6–7 dBm
to between 3–4 dBm with the addition of the LO matching net-
works. A similar shift is shown for the triple-diode mixer, for
which the optimum LO power shifts from 7–9 to 6–8 dBm. In
both cases, the LO matching networks result in a slight improve-
ment in conversion loss. The best simulated conversion loss
shown by all variants is 10. 0 dBm for the triple-diode mixer
with LO matching at an RF of 60 GHz with an LO power of
7 dBm at 14.375 GHz.
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(a) (b)

(c) (d)

Fig. 10. Simulated and measured transmission coefficient of distributed tuning elements. (a) Open-circuit� =4@f . (b) Short-circuit� @f . (c) Open-circuit
� =4@f . (d) Open-circuit� =4@2f .

Linearity is of particular concern with SHMs, which are
known to display higher distortion than their fundamental
counterparts [7]. Fig. 8 shows that the triple-diode mixer with
LO matching has a simulated 1-dB input compression point
of 1 dBm. This is somewhat low compared to other passive
mixers. This problem could be compounded by the fact that,
although a high preceding low-noise amplifier (LNA) gain
would overcome the mixer conversion loss, it would exacerbate
the signal distortion in the mixer. This is a critical consideration
in determining whether this mixer topology is suitable for
satisfying the system performance requirements.

IV. FGC STUB IMPLEMENTATION AND MEASUREMENTS

In order to duplicate the simulated mixer performance in
a fabricated MMIC mixer, it was necessary to implement the
distributed circuit elements in a practically realizable FGC
topology. The FGC dimensions in Section II were, therefore,
used as a starting point for the distributed stub elements re-
quired for the mixer design in Section III. Discontinuities such
as bends and tee-junctions must be considered in stub design,
as well as open-end capacitance in open-circuit FGC stubs.
Therefore, circuit dimensions were selected by simulating the
physical structures in IE3D and iteratively tuning the stub
length to achieve resonance at the desired frequencies. This
process was used to determine the dimensions of the shunt
tuning stubs and the series open-circuit stub used for the RF
port filter.

A. Shunt Stubs

The physical structures simulated during stub design are
shown in Fig. 9. The FGC ground planes are equalized at
discontinuities (to suppress excitation of the unwanted even or
“slotline” mode) using dielectric-supported center-conductor
crossovers available in the given process technology. The
crossovers are compensated with narrower (inductive) center
conductor widths at the junctions. A comparison of the fabri-
cated and simulated stub performance is shown in Fig. 10. All
stubs were found to resonate approximately 7% above their
intended resonant frequency. This is attributed to the fact that
two-dimensional (infinitesimal thickness) conductors of finite
conductivity were used in simulating the distributed elements.
The resonant frequency of the FGC lines is dependent on
the effective permittivity of the FGC lines . This model
neglects the coupling between the sidewalls of the FGC center
conductor and ground planes, which would otherwise tend to
increase the field lines existing above the GaAs substrate. The
effect of this is to reduce the effective dielectric constant ,
resulting in a longer guided wavelength for a given frequency.
Therefore, a given physical line length will be electrically
shorter and resonate at a higher frequency. Fig. 11 shows the
measured FGC transmission-line parameters, extracted from
on-wafer thru reflect line (TRL) calibration standards using
the National Institute of Standards and Technology (NIST)
MultiCal program [10]. The measured is shown to be 6.1,
compared to the simulated value of 7.1.
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Fig. 11. Measured FGC transmission-line parameters, effective dielectric
constant (" ), and line attenuation(�) for 50-
-line dimensions
w = 40 �m, g = 23 �m, andW = 86 �m.

(a)

(b)

Fig. 12. Series-stub filter layouts: (a) in center conductor and (b) in center
and ground conductors (L = 470 �m). The lines have the same conductor
dimensions as the standard 50-
 lines discussed above. Thegapsin the center
conductors and ground planes are chosen to be 8�m.

B. Series Stubs

Series open-circuit stubs were used to imple-
ment the BPF required for mixer operation, as described in
Section III. An interesting possibility in FGC lines is to place
series stubs in the ground plane [8]. In this case, it would be
advantageous to increase the rejection of the BPF at the LO and
IF frequencies. If a series stub were to be implemented in both
the center conductor and ground planes, it would effectively
cascade the out-of-band rejection of the center and ground
conductor stubs in series. A layout of open-circuit series stubs
is shown in Fig. 12 with stubs in the center conductor [see
Fig. 12(a)] and in both the center conductor and ground planes
[see Fig. 12(b)], where is equal to (470 m). The
lines have the same conductor dimensions as the standard 50-
lines discussed above. Thegaps in the center conductors and
ground planes are chosen to be 8m. A plot of the measured

Fig. 13. Series-stub filter measured transmission coefficients.

Fig. 14. Photograph of triple-diode mixer with LO matching.

transmission coefficients is shown in Fig. 13. This demonstrates
that the inclusion of an open-circuit stub in the ground plane
improves filter rejection at lower frequencies. It should be
noted, however, that since this introduces an open circuit in
the ground conductor at low frequencies, the ground planes at
either port of the filter must be electrically isolated to achieve
optimum out-of-band rejection. Otherwise, any other existing
system ground paths, such as dc supply grounds, could serve
as an alternate return path for the low-frequency ground signal,
circumventing any rejection achieved by the open-circuit stubs.

V. MIXER IMPLEMENTATION AND MEASUREMENTS

The mixer circuits designed in Section IV were implemented
in the M/A-COM MSAG 5 process. A photograph of the fabri-
cated triple-diode mixer with LO matching is shown in Fig. 14.
Wafer probe pads and FGC transitions are located at the re-
spective reference planes of the IF, RF, and LO ports for mea-
surement purposes. The overall area for the largest mixer layout
(triple diode mixer with LO matching) excluding the probe pads
is approximately 2.3 mm 3.0 mm. The test setup for conver-
sion loss is shown in Fig. 15. This setup may be easily modi-
fied for LO–RF and LO–IF isolation measurements by using the
spectrum analyzer to monitor LO power at the RF and IF ports.
The losses of all cables, probes, etc. were calibrated out up to
the reference planes indicated on the mixer die photograph.

The measured USB conversion loss versus RF frequency is
shown for the various mixer configurations in Fig. 16. The sim-
ulated data suggest that the mixers display optimal conversion
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Fig. 15. Mixer conversion-loss test setup.

Fig. 16. Measured mixer USB conversion loss versus RF frequency (f =

2:5 GHz), optimum LO drive level at each frequency.

loss at the frequency to which the stub elements are tuned. If
this holds true for the actual fabricated mixers, the measured op-
timal conversion loss should occur at an RF of 64 GHz. Fig. 16
shows that this is not the case; the single-diode mixers are opti-
mally tuned between 60.5–62.5 GHz and the triple-diode mixer
are tuned between 58.5–60.5 GHz. It is believed that this is due
to parasitic capacitance in parallel with the diodes in the mixer
layout causing an in-band loss increase over the band. This ca-
pacitance data was not available for diode modeling in Libra. Its
effect is more pronounced in the case of the triple-diode mixer
because the layout must be physically wider due to the three ad-
jacent diodes, resulting in increased parasitic capacitance. This
explains why the increase in conversion loss is more drastic for
the triple-diode mixers and begins to take effect at a lower fre-
quency. An LO power sweep is shown in Fig. 17. The benefit of
the LO matching network is demonstrated in an improvement in
conversion loss and a reduction in required LO power. For the
case of the triple-diode mixer, the additional matching network
allows the mixer to operate with better than 13-dB conversion
loss at LO powers as low as 2.5 dBm.

Isolation measurements were made for the LO–IF and
LO–RF signal paths. For the mixer variant with the best
conversion loss, the triple-diode mixer with LO matching,
the LO–IF isolation is as low as 17 dB, shown in Fig. 18(a).
This is due to the fact that the stubs are mistuned to an RF of
64 GHz, corresponding to an LO of 15.5 GHz. LO isolation
at all ports is largely determined by the rejection provided

Fig. 17. Measured mixer USB conversion loss versus LO power
(f = 60 GHz,f = 2:5 GHz).

(a)

(b)

Fig. 18. Isolation versus frequency at optimum LO drive levels. (a) LO–IF.
(b) LO–RF.

by the open-circuit stub. The worst-case LO–IF
isolation occurs at an RF of 58.5 GHz ( GHz for USB
mixing at GHz), well outside the optimum rejection
provided by this stub. The LO–RF isolation [see Fig. 18(b)],
which is also dominated by the rejection of the
open-circuit stub, is 33 dB in the worst case for the intended
frequencies of operation. Both LO–IF and LO–RF isolation
would be improved by retuning the resonant stubs for the
correct operating frequencies in a subsequent design iteration.
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TABLE II
MIXER PERFORMANCECOMPARED TOOTHER RECENTLY REPORTED60-GHz INTEGRATED MIXERS

An – measurement was made for the fabricated Schottky
diodes in order to extract an approximate value for. The ex-
tracted value was 20.0 compared to the foundry specification
of 17.6 . This partially accounts for the degradation in mea-
sured conversion loss compared to the simulated values.

Mixer linearity could not be measured due to the lack of suf-
ficient available RF power to perform testing or a second
60-GHz source for third-order intercept point (IP3) testing. The
noise figure of the mixer was not measured due to lack of mil-
limeter-wave noise test capabilities, although it is expected that
the noise figure will be approximately equal to the conversion
loss as is generally the case with passive mixers with reasonably
low LO–IF isolation.

VI. CONCLUSIONS

A high-performance 60-GHz mixer has been fabricated in
a uniplanar (FGC) GaAs MMIC technology. The best perfor-
mance is displayed by the triple-Schottky-diode mixer with an
LO matching network. This circuit displayed an 11.3-dB USB
conversion loss at an RF of 58.5 GHz and IF of 2.5 GHz. The
size of this circuit is approximately 2.3 mm3 mm excluding
wafer probe pads. The USB operating range for the RF has been
defined as 58.5–60.5 GHz and the IF range has been defined
as 1.5–2.5 GHz. Less than 13.3-dB conversion loss is achieved
over this range with an LO power of 3–10 dBm.

Two other recently reported 60-GHz antiparallel diode 2
SHMs have shown conversion losses of 12 [11] and 13 dB
[12]. These and other recently reported 60-GHz mixer results
are summarized in Table II. Typically, a 3-dB conversion-loss
degradation is observed when going from 2to 4 subhar-
monic mixing. With these reported results as a benchmark,
a conversion loss under 13.3 dB over the defined range of
operating frequencies represents excellent conversion loss for a
4 SHM.
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