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Abstract—A balanced integrated-antenna self-oscillating
mixer at 60 GHz is presented in this paper. The modal radiation
characteristics of a dual-feed planar quasi-Yagi antenna are used
to achieve RF–local oscillator (RF–LO) isolation between closely
spaced frequencies. The balanced mixer is symmetric, inherently
broad band, and does not need an RF balun. Pseudomorphic
high electron-mobility transistors are used in a 30-GHz push–pull
circuit to generate the second harmonic and a 30-GHz dielectric
resonator was used to stabilize the fundamental oscillation fre-
quency. This allows the possibility of building a balanced low-cost
self-contained antenna integrated receiver with low LO leakage
for short-range narrow-band communication. Phase locking can
be done with half of the RF frequency. The circuit exhibits a
conversion loss less than 15 dB from 60 to 61.5 GHz, radiation
leakage of 26 dBm at 60 GHz, and IF phase noise of 95 dBc/Hz
at 100-kHz offset.

Index Terms—Millimeter wave, planar integrated antenna, self-
oscillating mixer, wireless.

I. INTRODUCTION

I N THIS paper, a novel integrated-antenna receiver front-end
is introduced. The RF frequency is 60 GHz, allowing high

data transmission rates. This high-frequency design results in
a compact planar design, which is highly desired in many de-
veloping commercial applications. One possible application is
real-time transmission of digital video signals. The receiver in-
corporates several novel features. First, the receiver is directly
integrated with a planar quasi-Yagi antenna, which provides the
basis for a simple balanced design. Next, a second harmonic
self-oscillating mixer (SOM) is used, with a number of bene-
fits, including reduced cost through lowered component count,
the ability to use devices with a lower , and the commercial
availability of dielectric resonators (DRs) at 30 GHz.

The broad-band quasi-Yagi antenna, with an endfire beam
and a good front-to-back ratio, is fabricated on a high dielec-
tric-constant substrate and demonstrates a good radiation char-
acteristic [1]. A single balanced receiver circuit can be built with
this antenna without using an RF balun, allowing a simple and
compact design. Antennas nonradiative mode can be used as a
reactive circuit element, as will be demonstrated.
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In a SOM configuration, a single device simultaneously pro-
vides both oscillator and mixing functions. Typically, SOMs are
operated as a Doppler detector, even in subharmonic mode, be-
cause typical Doppler bandwidths are in the kilohertz range and,
therefore,averyhighnoise figurecanbetolerated.Asdemandfor
wirelessdatatransmission increases,bandwidthrequirements for
several new communication applications are being pushed in the
megahertz range. Since the minimum detectable signal at larger
IF frequencies is improved due to the low-frequency noise be-
havior of the device, a subharmonic SOM without preamplifier
becomes a possibility in short-range applications.

Since the introduction of the first FET SOM in [2], variants
of SOM operation mode have been demonstrated. A SOM in
[3] demonstrated 3-dB conversion gain and 9.5-dB double side-
band (DSB) noise figure, with a 9.5-GHz DR used to stabilize
the frequency. The first subharmonic SOM [4] was operated at
34 GHz with 5% conversion efficiency and121.6-dBm/Hz
detection sensitivity at 4 kHz. This subharmonic SOM demon-
strates that FETs with less than the RF frequency can be
used. A fundamentally operated balanced SOM [5] integrated
with a slot antenna had 4-dB conversion gain and an 8-dB noise
figure. This SOM was operated at zero gate bias and at the knee
of the IV curve. A second harmonic monolithic-microwave inte-
grated-circuit (MMIC) SOM [6] at -band showed 15-dB con-
version loss over more than a 15-GHz bandwidth. Wide band-
width was achieved by using a novel feedback structure. The
same SOM was also used for optical demodulation in [7], and
conversion gain was achieved for the induced RF power. In [8],
a DR stabilized push–pull oscillator was used as a balanced op-
tical up-converter internal local oscillator (LO) was effectively
suppressed at the IF port.

RF–LO isolation must be addressed when designing an inte-
grated antenna SOM. In [5] and [8], isolation was achieved by
using a balanced layout. In [9], a cavity-backed antenna with a
sharp radiation null at the resonance frequency was used. In this
case, LO power is dissipated in a resistor specifically placed so
that RF reception is not affected, thereby reducing radiation of
the LO. Another crucial factor is phase stability, which is often
not sufficient when standard microwave resonators are used be-
cause of the typically low -factor. Coherent detection is pos-
sible by using a phase-controlled SOM [10], which has large
locking range, low phase noise, and high conversion efficiency.
An additional phase reference is required.

The DR balanced second harmonic antenna-integrated SOM
at 60 GHz is optimized for 1-GHz IF. A high electron-mobility
transistor (HEMT) device with less than the RF frequency
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was used in the harmonic generation, and the phase stability re-
quirement is approached by using a high-DR in mode.
A balanced push–pull oscillator is used to enhance the genera-
tion of the second harmonic; this allows direct integration with
a dual-feed antenna to solve the radiation problem. With these
choices, the mixer has the potential for use in low-cost compo-
nents and low LO leakage, while giving useful conversion gain,
noise figure, and phase stability. In this paper, the design proce-
dure and simulated and measured results will be presented. The
conversion efficiency and noise figure are found to be suitable
for a short range. Phase noise at IF is low.

II. M IXER CONFIGURATION

In this section, the design for a receiver operating at the 61–
62-GHz band with an internally generated 30-GHz LO is pre-
sented. In Section II-A, a description of the circuit is given and
design philosophy is discussed. The quasi-Yagi antenna’s char-
acteristics essential for this circuit is discussed in Section II-B.

A. Mixer Layout

Fig. 1 shows a photograph and circuit architecture of the
prototype second harmonic SOM. The architecture consists of a
balanced SOM circuit integrated with a broad-band quasi-Yagi
antenna with a balanced microstrip feed. The 30-GHz DR
push–pull oscillator operates as a balanced second harmonic
gate mixer and generates the internal LO. The push–pull
operation causes the internally generated waveforms of each
device to be in antiphase at the fundamental frequency and in
phase at the second harmonic. The RF signal received at the
antenna feeds will be in antiphase due to balanced nature of the
antenna feed. When the broad-band antenna is connected to the
balanced SOM, broad-band antiphase excitation of the SOM
is achieved, and the need of a balun is avoided. IF signals are
then extracted from the drain currents with a bandstop filter
(fundamental and second harmonic frequencies). The channels
are combined out of phase with an external hybrid for signal
detection. LO filtering is placed at the antenna feed to suppress
LO leakage. Additionally, since the second harmonic is in
phase, automatic suppression of second harmonic radiation is
achieved due to the balanced nature of the antenna.

The use of a second harmonic SOM allows the use of lower
devices, which should typically reduce system cost. In this

case, general-purpose low noise-band pseudomorphic high
electron-mobility transistors (pHEMTs) with 0.25 200 m
gate were used for the SOM (Fujitsu model FHR02X). The de-
vices are connected with 0.7-mil bondwire to a 5-mil alumina
substrate.

A DR ( at 10 GHz) with a diameter
and a thickness of 89 and 27 mil is placed on a 25-mil quartz
cube in an open cylindrical copper cavity to couple the gates at
30 GHz. The cavity diameter was 173 mil and the height was
120 mil. This structure is mounted on the alumina circuit board
to form the resonator of the SOM. The loadedof the resonator
is 900 at the fundamental. Simulation did not show any spurious
resonance within the 58–62-GHz band. At the fundamental, the
resonator was modeled as a parallelRLCnetwork coupled with
two transformers to the microstrip lines. The element values in

Fig. 1. (a) Photograph and (b) schematic of the 60-GHz SOM with an
integrated quasi-Yagi antenna on 5–mil alumina substrate.

the RLC network were defined by the measured fundamental
resonance frequency and unloaded, and the measured loaded

defined the transformer ratios.

Proper design of the impedance seen by the gate and drain
is essential for optimum performance. For the resonator circuit
to function properly at the fundamental frequency, the gate side
of the device must be terminated with 50. This is achieved
by the 50- line terminated with an absorber, as shown at the
top and bottom left-hand side of Fig. 1(b). Weak DR coupling
is then adopted at the gate. A low-pass filter is used to suppress
RF leakage at these lossy terminations. Additionally, diplexers
separate the resistive terminations from the antenna, thus elim-
inating odd-mode fundamental frequency coupling through the
antenna feed network at the gain bandwidth (0–35 GHz), as well
as reducing any radiation from the antenna. A coupled-line cou-
pler is used to share the fundamental frequency drain currents.
Due to symmetry, a virtual short exists at the center of the filter
at the fundamental frequency. Thus, the drain of each device will
see a reactive load. Additionally, source stubs are needed to en-
hance the instability at the fundamental frequency to satisfy the
oscillation condition. Brass posts, which were connected with
conducting epoxy, shorted the source stubs.
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Fig. 2. Quasi-Yagi antenna with dual feed.

To simplify the design, both gate and drain should have a
reactive load at the second harmonic frequency. The sensitivity
against parametric variations of the coupler are reduced by
doing the required second harmonic impedance for optimal
mixing performance with stub pair matching networks.

The endfire quasi-Yagi antenna is placed in direct proximity
of the DR cavity, reducing RF losses and minimizing circuit
size. This is possible because the backside radiation of the end-
fire antenna is low. The DR cavity does not, therefore, affect the
radiation characteristics of the antenna. Additionally, the circuit
is placed in waveguide with a cutoff frequency of 30.6 GHz,
reducing fundamental frequency radiation. The waveguide and
resonator cavity were milled from the same block as shown in
Fig. 1(b). The gate and drain bias circuits were made on 31 mil
( ) RT/Duroid. Drain bias was fed through a 20-nH
inductor and 100- resistor. Gate bias was fed through a 50-k
resistor. The mixer/antenna circuit and bias circuits were assem-
bled on a brass carrier. The alumina substrate with the mixer and
antenna are mounted so that no brass is under the antenna. This
is essential for proper radiation of the quasi-Yagi antenna, which
relies on truncation of the microstrip ground plane. The edge of
the brass carrier is covered with an absorber along the antenna
side, giving 8-dB return loss at RF. This reduces scattering from
the carrier.

B. Quasi-Yagi Antenna

A 60-GHz dual-feed quasi-Yagi antenna on 5-mil alumina, as
shown in Fig. 2, was used for reception. With odd-mode exci-
tation, the antenna radiates. The odd-mode input impedance of
each microstrip feed is 50. At even-mode excitation, radiation
is suppressed due to the truncated ground plane at the transition
from coupled microstrip-to-coplanar stripline, which does not
support an even mode.

Therefore, the impedance looking toward the antenna at the
truncation can be modeled as capacitance when even-mode ex-
citation is applied. This even-mode capacitance was defined
with the test structure shown in Fig. 3. The return loss of the
structure was simulated with an EM simulator (HP HFFS), with
the response shown in Fig. 4. Next, the structure was simulated
with only the microstrip portion in a circuit simulator (HP Series
IV) with each coupled microstrip feed terminated in a capacitor
to ground. The proper capacitance was obtained by optimizing

Fig. 3. Test structure for even-mode excitation.

Fig. 4. Simulated return loss of the test structure in Fig. 3.

Fig. 5. Measured quasi-Yagi antenna patterns at 60 GHz.

the value until the phase response of the equivalent circuit fit the
phase response of the full-wave simulation of the entire struc-
ture. An overall error less than 2over the entire simulated fre-
quency range was obtained with a capacitance value of 93 fF
terminating each feed arm. From the circuit simulation of the
microstrip feed, 0.2 dB of the return loss shown in Fig. 4 was
identified to be due to metal and dielectric losses and, hence, the
radiation resistance for even-mode excitation was omitted. Sim-
ulated gain for an antenna with a single balun feed was 5.9 dB
in the frequency range from 58 to 62 GHz, and was used later to
characterize the dual-feed antenna. For the noise simulation, the
-parameters of the antenna as a two-port structure were simu-

lated. In this case, a simple equivalent circuit is not sufficient and
the data were used directly. The measured patterns are shown in
Fig. 5.
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Fig. 6. (a) Oscillator harmonics extracted in the oscillator simulation are used
in (b) a regular mixer simulation.

III. N ONLINEAR SIMULATIONS OF INTEGRATED-ANTENNA

SOM

Accurate analysis of SOM circuits is not a trivial task. As
shown in [12], time-domain analysis with high circuits re-
quires a large amount of time steps and achieving convergence
can be difficult. Additionally, existing circuit simulators cannot
directlyperformaharmonic-balancesimulationofSOMcircuits.
However, by successively analyzing the structure as an oscillator
and mixer, meaningful results can be obtained if the RF power
is low. For these reasons, harmonic balance techniques were
preferred as a straightforward alternative to transient analysis.
A commercially available black-box large-signal model for the
device was used in the simulation. First, the oscillator analysis
is used to extract the large-signal voltage waveform at the gate
of the FET, as shown if Fig. 6(a). For this analysis, the amplitude
and phase for the first three harmonicswere used. Thisoscillation
waveform is then incorporated into the mixer simulation by
applying it to the gate of the device, as shown in Fig. 6(b). The
deltapass filter (DPF) isused tocoupleonly thedcandoscillation
frequency harmonics. The delta stop filter (DSP) injects the RF
signal, thus separating the oscillation and RF signals.

In the oscillator simulation, the goal was to maximize
the second harmonic current in the channel. The device was
biased close to cutoff, where second harmonic generation is
effective and no excess noise is generated. Additionally, source,
drain, and gate impedances calculated by using the symmetry
of the circuit and known excitation were optimized. At the
fundamental frequency, it was found that the source has high

impedance, while the drain has low impedance. The second
harmonic source impedance is slightly capacitive and the drain
impedance highly inductive.

Fig. 7(a) shows the simulated conversion efficiency, return
loss, and second harmonic source and drain node current varia-
tions when source stub is varied from 0.125 to 0.25 of the fun-
damental wavelength ( ) and the drain stub had the optimum
value obtained from the oscillator simulation. From this, we see
that a short source stub does not give enough gain to generate
the necessary harmonics. With long source stubs, the conversion
efficiency drops gradually as input mismatch increases. There-
fore, an optimum value of 0.175 is chosen where both cur-
rents are close to the local current maximum.

Fig. 7(b) shows results when the drain stub length is varied,
while source stub length has the optimum value obtained pre-
viously. Moving the resonator eliminated load pulling. It was
found that the drain stub length affects primarily the second har-
monic impedance, while the fundamental frequency reactance
varies smoothly from to in the simulated range. Al-
though the source current has a maximum at 0.18, due to very
high drain impedance, and the drain current has a maximum at
0.20 due to zero impedance, neither of these lengths do not
optimize conversion efficiency. Instead, the optimum value was
chosen to be 0.08 , where conversion frequency sensitivity is
not high, and fundamental current is minimally affected. Note
that, for a 60-GHz RF signal, the optimum source and drain stub
lengths are predicted by the respective currents of the first cur-
rent maximum in Fig. 5(a) and (b).

The internally generated even-mode excitation (second har-
monic) is phased to add up at the device gate. The effect of the
phasing angle is shown in Fig. 7(c) by varying the distance be-
tween the antenna feed and diplexer from 0to 180 and by using
the optimum values of Table I at source and drain. The effect of
phasing is embedded in LO. Conversion efficiency and return
loss are shown as a function of phasing angle. From this, we see
that phasing angle and RF minimally affects them. The opera-
tion point was chosen at 93, where gate load is inductive.

The optimum node impedances of Fig. 8 are shown in Table I.
Bond-wire effects were included in the calculation. The drain to
source impedances at LO harmonics result to zero in optimum
gate mixer with an external LO [12]. In the SOM, case zero
impedance is not possible at the fundamental frequency because
a vertical load line does not provide feedback. A high impedance
was needed here to boost the gate swing due to the harmonic na-
ture of operation and a bias above pinchoff voltage. After adding
the device parasitics the sum of and is less than 1/4 of

. The second harmonic impedance is not critical for conver-
sion efficiency, as seen in Fig. 7(c), but affects the phase noise
by modifying the load cycle [13].

In the noise simulation, the-parameters of the antenna as
a two-port are effective for uncorrelated noise sources. Noise
temperature at the output was found to be about 1700 K, and
DSB noise figure is thus about 7 dB higher than conversion loss.

IV. EXPERIMENTAL RESULTS

The RF to IF conversion efficiency was measured by illumi-
nating the receiver from the endfire direction with a horn an-
tenna, and combining the IF channels with an external hybrid.
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(a) (b)

(c)

Fig. 7. Simulated return loss (�), conversion efficiency (�), second harmonic drain (ID2), and source (IS2) node current as a function of source stub length, drain
stub length, and gate return phase in (a)–(c), respectively. Drain bias was 1.5 V and gate bias was�0.6 V.

Conversion efficiency was calculated by relating the measured
IF power to calculated available RF power at the receiver an-
tenna port and calculating the isotropic conversion loss [14].
Available RF power was calculated by using the Friis transmis-
sion formula with known antenna separation, horn antenna gain
and input power, and simulated quasi-Yagi antenna gain. The RF
signal was generated with a synthesized sweeper (HP 8340A),
an amplifier (HP 8349B), and a pentupler (HP 85 100V) with
an isolator at the output. A Klystron was used when more than
0 dBm power was needed. Power was calibrated at the isolator
output at each frequency point with a power meter (ML83A) and
power head (MP716A). IF power was measured with a spectrum
analyzer (HP 8562A).

The measured and calculated RF to IF conversion efficiency
over a 4-GHz bandwidth with a fixed 40-dBm input power
is shown in Fig. 9. From this, we see that a conversion loss of
15 dB was achieved over a 1.5-GHz bandwidth. When the chan-
nels were combined in phase, the level was reduced by 15 dB,
showing that the circuit is functioning effectively as a balanced
receiver. Reduced conversion efficiency at the lower frequencies
is accounted for by RF mismatch. Simulated return loss is shown
in Fig. 10. At the low-frequency end, the matching is poor. Fig. 8. Transformation of the device load impedances.
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TABLE I
IMPEDANCES FOROPTIMUM CONVERSIONEFFICIENCY

Fig. 9. Simulated (solid line) and measured conversion efficiency as function
of RF frequency. The measured response by summing the channels is also
shown.

Fig. 10. Simulated return loss.

The sensitivity of the conversion loss to gate and drain bias
voltage is shown in Fig. 11(a) and (b), respectively. From this,
the 1-dB gate voltage window is 0.3 V centered at0.5 V, and
the conversion loss saturates with 1.5 V applied to the drain
(11 mA).

Next, the conversion efficiency as a function of RF input
power with a fixed operating frequency of 61.5 GHz was mea-
sured by placing the antenna at a rectangular waveguide opening
(WR-15) and by measuring the IF power as a function of RF
power available to mixer. The power was calibrated by using
the measured conversion loss. Fig. 12 shows the result of the

(a)

(b)

Fig. 11. Simulated (solid line) and measured conversion efficiency as a
function of gate and drain bias in (a) and (b), respectively.

measurement. Deviation from linear response is 1 dB at 3-dBm
RF input. The second IF ( ) was also measured.
Fig. 13 shows the simulated single-channel level of the second
IF and the measured combined result. Ideally, the measured re-
sponse should be zero for an even-order product combined out
of phase. Here, the cancellation goes slightly below the simu-
lated single-channel response. Measured level is about 60 dB
below the first IF.

Fundamental frequency and second harmonic radiation
leakage from the circuit was also determined by measuring
radiation at the endfire beam direction. Radiated power
was measured by using harmonic mixers (HP 11970A and
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Fig. 12. IF power measured as a function of RF power (dashed line simulates
linear response).

Fig. 13. Simulated (line) single channel and measured conversion efficiency
for the second IF.

11970V). Second harmonic radiation was26 dBm (by
assuming odd-mode excitation).

The IF phase noise was95 dBc/Hz at 100 kHz, as extracted
from Fig. 14. For a 60-GHz free-running HEMT source this is
a reasonably low value. Fig. 15 shows the measured and simu-
lated DSB noise figure as a function of RF frequency. Measured
IF output noise was 170 dBm/Hz at frequencies higher than
50 MHz, giving an DSB noise figure 4 dB higher than conver-
sion loss. The receiver-input sensitivity is thus155 dBm/Hz
in the previous frequency range.

One possible disadvantage of an SOM receiver is the
possibility that the oscillator will injection lock to the RF
signal. To first order, this balanced oscillator should not
lock to incoming RF because the generated locking signals
( ) will be in even mode, which is not supported
by push–pull configuration. However, in practice, as shown in
Fig. 16, the overharmonic locking bandwidth as a function of

Fig. 14. Spectrum of the IF signal.

Fig. 15. Simulated (line) and measured DSB noise figure.

Fig. 16. Simulated (line) and measured injection-locking bandwidth as a
function of RF power in the case of 15-dB imbalance between the channels.
The upper curve assumes a pure even-mode RF excitation.

RF power can be measured (the measurement setup for Fig. 12
was also used here). We see that the measured points closely
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follow the curve of the formula for subharmonic injection
locking [15], where the
rational index was changed to an integer and vice versa. The
effective even-mode part of the RF was calculated by using the
measured unbalance 15 dB of Fig. 9 at 60 GHz, in this way,
an odd-mode locking signals are available for the formula.
Also, the simulated locking bandwidth with purely even-mode
RF excitation is shown in Fig. 16, and the measured locking
bandwidth is 20% of this. The mixing products are linearly
related to RF power at these power levels. The required locking
power is quite high, thus, injection locking is highly unlikely.

V. DISCUSSION ANDCONCLUSIONS

A balanced second harmonic antenna integrated SOM at
60 GHz has been demonstrated in this paper. The antenna was
used as a mode filter, operating as a 180balun for RF, and
reflecting back the internally generated second harmonic. The
second harmonic radiation was reduced by more than 20 dB
compared to the power that is available at the gate side. The
measured and simulated conversion efficiency correlate and the
highest conversion efficiency are comparable with the results
obtained in [4], [6]. The measured bandwidth was limited by
the diplexer because the antenna operates up to 70 GHz. The
optimization of a Doppler SOM and SOM with an IF at 1 GHz
was found to be different. The observed conversion efficiency
saturation suggests that an optimum design is achievable in terms
of device gain and circulating fundamental power, which will
minimize dc power consumption. With typical reception levels,
neitherconversionefficiencydegradationnor injection locking is
a problem. Therefore, the transmitter and receiver can be placed
just centimeters apart if necessary. Observed locking bandwidth
was found tobe due to imbalance inRFcouplingand conversion.

A DR was used to stabilize the frequency, and the obtained
IF phase noise is comparable to [16]. In [17], a cavity-stabilized
Gunn oscillator was used as an external LO in a receiver, and
the 50-Mb/s data on 60-GHz carrier data was recovered. Thus,
a typical millimeter-wave local area network (LAN) receiver
architecture [17], [18] could be simplified with a subharmonic
SOM in some applications.
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