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Miniature single-sideband
subharmonically-pumped 6o GHz direct
upconverter in a uniplanar GaAs pHEMT
technology using inductive and capacitive

loading techniques
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GILBERT A. MORIN’ AND JIM S. WIGHT"

This paper presents a novel, compact, single-sideband (SSB) subharmonically-pumped (SHP) direct upconverter developed in
a uniplanar 0.18 wm GaAs technology. A total of 100 MHz in-phase and quadrature signals directly modulate the second
harmonic of a 30 GHz carrier signal, producing a 60.1 GHz output. Two pairs of antiparallel diodes reduce feed-through
of the 30 GHz local oscillator (LO) signal to the mixer’s RF output. Novel structures patterned in the center conductor of
a coplanar waveguide (CPW) provide matching and size-reduction simultaneously. The 2.1mm? circuit also uses a miniatur-
ized Wilkinson divider based on asymmetric coplanar stripline and a standard CPW 90° coupler. The SSB SHP direct upcon-
verter exhibits a conversion loss of 10 dB, a lower-sideband rejection of 15 dB and 2f; o suppression of approximately 25 dB

over a wide frequency range from 52-61 GHz.
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Il. INTRODUCTION

The unlicenced 57-64 GHz frequency band has attracted con-
siderable interest worldwide, for use in short-range, multi-
gigabit communication for different purposes, such as
gigabit ethernet, high-definition video transmission, etc [1].
The design of components for use at these frequencies is
subject to several constraints, however, including power con-
sumption restrictions, mass producibility, and superior per-
formance at low cost. As a result, it is desirable to reduce
the size of digital wireless transmission and reception
systems by using direct upconversion and downconversion
[2]. This can lead to savings in integrated circuit chip count
and is gaining acceptance at low microwave frequencies. At
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higher millimetre-wave frequencies however, this technique
can suffer from local oscillator (LO) signal leakage to the
antenna because filtering is difficult given that the carrier
signal and its sidebands are very close in frequency.

A subharmonically pumped (SHP) mixer using an antipar-
allel diode pair simplifies the filtering problem. The funda-
mental LO signal is well-separated in frequency from the
desired signal and the second harmonic is confined within
the diode pair and therefore does not appear at the output
[3-5]. Moreover, simpler and lower-cost oscillators can be
used since the required LO signal has half the frequency of
what is required for a conventional mixer.

The SHP mixer using a pair of antiparallel diodes is a good
candidate for low-power systems because it reduces the
number of multiplier stages, requires no DC power, and can
be used for both up- and downconversion [6-8]. Single side-
band (SSB) mixers also have low conversion loss and high
image rejection, both very desirable properties. However, the
required power dividers and combiners must have very accu-
rate amplitude and phase responses.

SSB SHP mixers require several passive components, which
traditionally occupy a large portion of the integrated circuit.
The mixer, for upconversion, requires an in-phase LO
power divider and a quadrature hybrid at the radio frequency
(RF) output. For the LO divider, each arm of the circuit
measures A;o/4, while each branch of the hybrid measures
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Arr/4. In addition, two stubs are required in the mixer itself, a
Aro/4 open-circuit stub and a A;p/4 short-circuit stub, con-
suming even more (costly) real estate [9, 10]. Clearly, it
would be very beneficial to be able to reduce the footprint of
these passive structures without sacrificing the mixer’s
performance.

In this paper, a compact SSB SHP up-converting mixer
MMIC at 60 GHz is proposed. The mixer directly upconverts
100 MHz I 'and Q signals to 60.1 GHz using a 30 GHz LO. The
circuit was fabricated in OMMIC’s EDo2AH process. It uses
two pairs of 0.18 um pHEMT-based diodes, each having
two 15 pwm fingers.

The SSB SHP upconverter was designed in uniplanar tech-
nology using coplanar waveguides (CPW) because of the
unique combination of passive structures that can be realized.
The potential to combine (CPW) and coplanar stripline (CPS)
transmission lines, as well as the ability to realize both series
and shunt matching stubs allows a greater amount of
freedom when optimizing circuit performance than is possible
in a conventional microstrip circuit [11]. This freedom results
from two main characteristics of coplanar layout: first, the
characteristic impedance of a transmission line is determined
by conductor width and gap spacing, both of which can be
adjusted by the designer (only the signal conductor width
may be adjusted for a given process in microstrip). Second,
series stubs may be realized with relative ease in CPW and
CPS designs, which is not the case in microstrip.
Furthermore, isolation between transmission lines is
improved due to the ground plane separating signal traces.
Mlustrating this design freedom, this mixer includes a
Wilkinson power divider which has been miniaturized by
50% using asymmetric coplanar striplines (ACPS), along
with novel matching structures that are patterned inside the
centre conductor of CPW transmission lines. As will be dis-
cussed, both of these techniques greatly reduce the circuit area.

This paper is organized as follows. In Section II, the design
of a subharmonic mixer is discussed, including novel minia-
turization of its passive components. Section III presents a
size-reduced Wilkinson power divider and a quadrature
hybrid. These components are required to implement the
SSB converter. The work presented in the previous two sec-
tions culminates in Section IV, where all of the circuit com-
ponents (the subharmonic mixer, the Wilkinson power
divider, and the quadrature hybrid) are assembled to yield a
SSB upconverter mixer, which is characterized. Finally,
Section V presents some concluding remarks. Throughout
the paper, the design of each component (including the com-
plete SSB SHP upconverter) is validated by measurements of
fabricated prototypes.

. DESIGN OF THE NOVEL SHP
MIXER CORE

The SSB mixer circuit’s design is centered on two pairs of anti-
parallel diodes. In-phase and quadrature signals are fed inde-
pendently to the diode pairs along with the 30 GHz LO signal
that is fed to the diode pairs through a miniaturized ACPS
Wilkinson power divider. The second harmonic of the LO
mixes with the IF signal to produce the desired 60 GHz RF
signal. Owing to the antiparallel diode combination, even
order mixing products (mf o + nfir, where m + n is even)
are suppressed. Meanwhile, the upconverted 60.1 GHz RF
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Fig. 1. Block diagram of the SSB SHP upconverter.

output signals are combined in a coplanar branch-line
coupler. Figure 1 shows a block diagram of the mixer, while
Fig. 2 shows a simplified schematic of the SHP mixer.

A) Circuit description

A conventional SHP mixer includes a A;p/4 open-circuit
shunt stub and a A; /4 short-circuit shunt stub to provide iso-
lation between the RF and LO ports [11]. However, the
quarter-wavelength transmission lines are very long and will
consume a large amount of chip area. To reduce the stubs’
footprint, each was designed as a loaded CPW combination
as outlined in [12].

The Apo/4 short-circuit CPW shunt stub was miniatur-
ized by loading it capacitively with an open-circuited
CPW shunt stub, as shown in Fig. 2. The size-reduced
stub is shown as point “Y” in the figure, on the LO port
side of the antiparallel diodes. The stub provides an open-
circuit at f;o while simultaneously acting as a short-circuit
at frr (where frr= 2fio+ fir = 2f10). The capacitively-
loaded shunt stub was optimized to minimize the presence
of frr at the LO port. S-parameters for this circuit are
shown in Fig. 3(a).
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Fig. 2. Simplified schematic of the SHP mixer.
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Fig. 3. Circuit performance of (a) a CPW shunt stub loaded capacitively by an open-circuit stub, (b) an open-circuit shunt stub loaded inductively by a
short-circuit shunt stub, and (c) a low-pass filter consisting of a short-circuit series stub loaded by an open-circuit shunt stub.

In a similar fashion, the A;o/4 open-circuited shunt stub
was reduced in size with a short-circuited CPW series stub
as shown in Fig. 2. This provides inductive loading of the
transmission line. This stub is shown connected to point
“X” in Fig. 2 and is found on the RF port’s side of the antipar-
allel diodes. This stub acts as a short-circuit at f;o and an
open-circuit at fzr. This inductively loaded stub was optimized
to minimize the insertion loss at fzr. Data for this circuit are
shown in Fig. 3(b).

In both cases, the stubs described above were reduced from
lengths of A;o/4 to Azo/8. This corresponds to a size reduction
of about 50%.

In addition, the IF input to the mixer includes a low-pass
filter, which prevents the RF signal from reaching the IF
port. The low-pass filter was realized with a Agg/8 short-circuit
CPW series stub, which is loaded by an Arx/8 open-circuited
shunt stub. This combination results in a high-impedance at
frr at point “X” in Fig. 2, the junction of the two diodes on
the RF side. S-parameter results for this circuit are shown in
Fig. 3(c).

Finally, an RF bandpass filter is also present to provide iso-
lation between the RF and IF ports. Lumped L-C components
placed in series were used to realize this filter.
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B) Experimental results for the reduced-size
SHP mixer

The SHP mixer core was fabricated and measured using a
semi-automatic wafer probing station. A microphotograph
of the mixer can be found in Fig. 4. 100 um ground-signal-
ground probes were used to perform the measurements.
When a network analyzer was used, SOLT de-embedding
structures were used to calibrate to the tips of the probes.

LO Stopband Bandpass filter

Filtt;:r + RF Matching LO Matching

IF IFFilter Diodes RF Stopband
Filter

Fig. 4. Microphotograph of the SHP mixer core.
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Fig. 5. Measured gain and suppression plotted against LO power for the SHP
mixer with f;z = 100 MHz and f;o = 30 GHz.

Optimal mixer performance was obtained with an LO power
of 9.5 dBm, as can be seen in Fig. 5.

In addition, we can see from Fig. 5 that the 2f; o suppres-
sion is approximately 17 dB at this optimal LO power level.
Since the SSB mixer includes two of these SHP mixers, we
expect that the conversion gain will be improved by 3 dB in
the final circuit. The entire SSB mixer’s results are discussed
in full in Section IV.

The conversion gain and suppression of mixer core versus
RF are shown in Fig. 6(a). From this plot, the conversion gain
is —11.8 dB +1.0 dB from 52-62 GHz while the 2f; sup-
pression is better than 14 dB across the same band.

Similarly, for conversion gain and 2f;o suppression as a
function of IF frequency, shown in Fig. 6(b), the curves are
relatively flat. The conversion gain is measured to be
—12.3 + 0.5 dB up to 200 MHz, and the 2f; o suppression is
15.3 + 0.4 dB. The 1 dB compression point is found for an
input IF power of —3.5 dBm, as illustrated in Fig. 7.

Finally, the return loss as a function of RF and IF frequency
is shown in Fig. 8. The IF return loss is shown for frequencies
of 26 GHz, 34 GHz, as well as for the nominal 30 GHz signal.
Upon examination of the plot, we note that good performance
is obtained for an IF up to 1 GHz, for a variety of LO frequen-
cies. From Fig. 8(b), the RF return loss is better than 10 dB
from approximately 54-59 GHz. The relative broadband
nature of these results indicates that the circuit will perform
well as a broadband upconverter in high data rate applications.
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Fig. 7. Measured 1 dB compression point of the SHP mixer core.

1. SIZE-REDUCED WILKINSON
POWER DIVIDER AND
QUADRATURE HYBRID

In addition to the mixer core described in this section, some
additional circuits are required for proper mixer operation.
These include an in-phase LO power divider and an RF quad-
rature hybrid. This is achieved using a Wilkinson power
divider, where its output is applied to the LO ports of each
SHP mixer. The double-sideband suppressed carrier
(DSB-SC) RF outputs from each mixer are combined in the
quadrature hybrid, resulting in the suppression of the lower
sideband (LSB). We recall that the 2f;o carrier is removed
in each of the antiparallel diode pairs. The design of the
Wilkinson power divider and quadrature hybrid are discussed
in the following sections.

A) Miniature ACPS Wilkinson power divider

A standard Wilkinson power divider has two quarter-
wavelength arms, which at the LO frequency of 30 GHz
would consume considerable space. In order to reduce the
substrate area required to implement the power divider,
lines are often loaded inductively or capacitively using either
lumped components or transmission line stubs [13, 14].
Given CPS’s excellent propagation characteristics at high
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Fig. 6. Measured gain and 2f; suppression of the SHP mixer core plotted against (a) RF frequency and (b) IF frequency.
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Fig. 8. Measured return loss for the SSB mixer’s (a) IF input for several LO frequencies and (b) RF output port.

frequencies [15] as well as a designer’s ability to integrate both
series shunt stubs, it is well-suited for realization of a
size-reduced Wilkinson divider.

In this work, inductively-loaded ACPS transmission lines
were used to realize the Wilkinson power divider. Short-circuit
series ACPS stubs provide loading, which allows the length of
the arms to be reduced by approximately 50%. Figure 9 shows
a photograph of the power divider, along with the power divi-
der’s characteristics. Insertion loss is approximately 3.4 dB,
while port isolation is approximately 35 dB at 30 GHz. The
return loss is better than 20 dB from 26-34 GHz.

B) 90° CPW hybrid coupler

A quadrature hybrid combines the output from the two SHP
mixers and eliminates the unwanted sideband. The amplitude
and phase imbalance of the coupler has a great impact on the
amount of sideband suppression. The coupler was realized
using CPW. A photograph of the 60 GHz coupler is shown
in Fig. 10(a) and its S-parameters are presented in Fig. 10(b).

At 60 GHz, the return loss and isolation are better than
20 dB, while the insertion loss is 3.2 dB. Figure 10(c) presents
the amplitude and phase difference. The amplitude varies
from —0.6 to 1.3 dB from s0-70 GHz, while the phase differ-
ence varies from 87.4° to 95°, with even smaller variation
around the 60 GHz band of interest.

S-parameters (dB)

V. PERFORMANCE OF THE
COMPLETE SSB SHP
UPCONVERTER

In addition to the two SHP mixers present in the single-side
mixer, the complete SSB mixer required an LO power
divider and RF quadrature hybrid. The LO signal is split
in-phase by the Wilkinson power divider. The resulting
signals are applied to each SHP mixer’s LO input while the I
and Q baseband signals are applied at each mixer’s IF input.
The DSB-SC RF signals produced by each mixer are combined
in the 9o° hybrid, where one of the sidebands is cancelled.
Suppression of the carrier (2f;¢) is performed by each antipar-
allel diode pair. The outputs of the mixers described in Section
IT are combined using a quadrature hybrid. This removes the
unwanted sideband. The level of sideband suppression pro-
vided by the complete circuit depends greatly on the ampli-
tude and phase imbalance of the 9o° hybrid, as well as the
symmetry between the two mixers.

The upconverter was designed using the EDo2AH foundry
process from OMMIC and uses two pairs of 0.18 um
pHEMT-based diodes. Each diode has two 15 pm cathode
fingers. The entire circuit measures 2.1 mm® and is shown
in Fig. 11. The layout of the two SHP mixers, the miniaturized
Wilkinson power divider and the quadrature hybrid circuits
requires very careful planning, to achieve as much symmetry
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Fig. 9. Characteristics of the miniature Wilkinson power divider. (a) A photograph of the fabricated divider. (b) S-parameter response of the power divider.
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Fig. 10. Performance of the CPW 90° coupler. (a) A microphotograph of the fabricated coupler. (b) The coupler’s S-parameters. (c) The amplitude and phase

difference of the 9o° quadrature coupler.

as possible in the circuit and a minimum amount of parasitic
coupling between components, all while reducing the sub-
strate area consumed.

Figure 12(a) shows the mixer’s conversion gain as a function
of the LO input power level. The LO frequency is fixed at
30 GHz, while the I and Q baseband signals are at 100 MHz
and —10 dBm power. Since only a single sideband should be
produced by the circuit, the suppression of both the lower side-
band and the second harmonic of the LO signal are also very

~ Subharmonic mixer -

Loy Ly
Antiparalleldiodes

Reduced CPW
shorted series stub

MmNz

important. As can be seen from the figure, conversion gain is
largely constant for LO input powers of 8-10.5 dBm. As
noted earlier, an improvement in conversion gain of approxi-
mately 3 dB is expected for the full upconverter, compared to
only the SHP mixer core, and on examination of the plot, we
can see that this improvement in gain is achieved.

The conversion gain is —10 dB + 1 dB and LSB suppres-
sion is better than 15 dB across the 52-61 GHz band, as can
be seen in Fig. 12(b). For these measurements, the frequencies

RIF GIEHGRZ

90° CPW
hybrid
coupler

Reduced CPW
openshuntstub

N

Fig. 11. Microphotograph of the proposed miniature uniplanar 60 GHz SSB direct upconverter. The total circuit area is 2.1 mm”®.
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of the I and Q signals were fixed at 100 MHz, and their power
levels were set to —10 dBm. The 30 GHz LO signal’s power
was set to 10 dBm, which is close to optimal. As can be seen
in Fig. 12(b), the 2f;o suppression is better than 20 dB
across the 52-61 GHz band.

The conversion gain as well as the 2f;o and LSB suppres-
sion, for variations in the in-phase and quadrature baseband
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signal frequencies are shown in Fig. 13(a). This figure shows
that the lower sideband has been suppressed by at least
15 dB relative to the desired upper sideband over a band
from 50 to 200 MHz. The carrier at 2f;o was measured as
being suppressed by 20 dB over the same band.

In the plot of Fig. 13(a), it can also be noted that the conver-
sion gain and 2f; o suppression curves are nearly flat. However,
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Table 1. Comparison of 60 GHz direct upconverters.

Ref. Technology Conv. gain P;o (dBm) 2fro—frr isolation Sideband DC power Size (mm?)
(dB) (dB) rejection (dB) (mW)

[7] 0.18 pm CMOS —2 1 65 40 65 0.16

[16] 65nm CMOS —4.1 6 n/a n/a 23 0.28

[17] 0.18 wm SiGe 0.5 o n/a 24 56 0.77

[18] 0.12 pm SiGe —8 5.5 35 n/a None 2.1

[19] 0.15 wm GaAs pHEMT —10 9.3 40 n/a None 4.7

This work 0.18 pm —10 10 25 15 None 2.1

GaAs pHEMT

there is some variation in LSB suppression as a function of the
baseband frequency. Since a flat response is expected, variation
in suppression indicates that there is a small phase or ampli-
tude imbalance in the I and Q baseband signals.

Figure 13(b) shows the gain and suppression of the mixer
as a function of the baseband signal power. In this plot, we
note that LSB suppression is largely constant with I and Q
signal power. However, 2f;o signal suppression depends
rather strongly on the baseband signals’ power levels. In
Fig. 14, the 1 dB compression point is shown. Since the 1 dB
compression point is found at —1 dBm, a 2f;o suppression
of approximately 25 dB is achieved.

In Fig. 15, the RF return loss is shown as a function of fre-
quency. As can be seen in the plot, the RF return loss is better
than 10 dB over a 50-61 GHz frequency range.

Table 1 shows a comparison between various aspects of the
proposed upconverter and other upconverters found in the
scientific literature. As shown in the table, the LO power
required and conversion gain are similar and the circuit size
compares favourably, given that the proposed upconverter
also integrates additional circuitry to produce an SSB signal,
which also introduces more loss. The performance character-
istics of active direct upconverters are in general better than
the proposed circuit, at the expense of static DC power con-
sumption, and the passive upconverter requires a higher LO
drive and exhibits higher conversion loss. The sideband rejec-
tion is weaker than desired principally due to the amplitude
and phase imbalance of the coupler. With additional tuning
of the coupler, the suppression could be improved.

V. CONCLUSIONS

In this paper, a novel miniature 2.1 mm? uniplanar, SSB, SHB
upconverter MMIC operating at 60 GHz has been presented.
The measured results indicate that reasonable performance is
achieved from 52 to 62 GHz. It is demonstrated that uniplanar
technology can be an attractive candidate for design of
compact, high performance SSB SHP mixers.

The fabricated circuit yields a measured conversion gain of
—10 dB, with LSB suppression better than 15 dB across a 52—
61 GHz band. It was also shown that the RF port’s return loss
is better than 10 dB over a wide band and the 2f; o suppression
is approximately 25 dB. The IF return loss was also found to
be better than 18 dB up to 1 GHz, indicating that the upcon-
verter can be used for wideband baseband signals.

In addition, the use of novel CPW and ACPS, series and
shunt stub structures has also demonstrated that extensive
size reduction of circuit components is possible, without
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sacrificing the mixer’s performance. The use of such structures
grants an MMIC designer a great deal of liberty. Compared to
traditional structures, the design techniques presented allow
design freedom, greatly reduced circuit area and the possibility
of improved performance.
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