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Design of a Millimeter-Wave CMOS Radiation
Oscillator With an Above-Chip Patch Antenna

Mamoru Sasaki

Abstract—This brief presents a design method of a millimeter-
wave CMOS radiation oscillator for broadband short-range com-
munication. An above-chip patch antenna is proposed for the radi-
ation oscillator. The proposed antenna has a balanced port, which
makes it suitable for the direct connection of CMOS cross-coupling
transistors. The properties of the antenna are analyzed by an elec-
tromagnetic field solver, and, in particular, the input resistance is
discussed in detail, so that the condition of millimeter-wave oscilla-
tion is satisfied even by CMOS FETs having gains lower than GaAs
FETs. Furthermore, on/off-keying modulation can be carried out
using switch transistors, and two switching techniques are used to
realize a large data rate. A performance of 500 Mb/s and a total
efficiency of 0.12, which includes both the antenna and the circuit
efficiencies, are confirmed by circuit simulation.

Index Terms—Balanced structure, broadband communication,
CMOS integrated circuit, microstrip patch antenna, millimeter-
wave, radiation oscillator, short-range communication.

I. INTRODUCTION

ONE of interesting fields of application of millimeter-wave
communication is broadband short-range communica-

tion, e.g., personal area network and wireless connection among
personal equipment [1]. Compared with microwave-based sys-
tems, millimeter-wave-based systems offer the following
advantages:

1) availability of broader frequency bands;
2) antennas of smaller dimensions;
3) smaller and lower weight equipment;
4) short wavelength may prevent interference between com-

munication systems since the attenuation over a fixed dis-
tance is inversely proportion to the wavelength.

The use of millimeter-wave-based systems is extremely
common for the above applications. The requirements for these
applications are monolithic integration of the millimeter-wave
front-end and application circuits via standard CMOS tech-
nology. Furthermore, these applications also require low power
consumption for portable use.

A number of studies have examined the above IC integration
technique [2], [3]. The design of wireless circuits, including
the above IC resonators and filters, has enabled highly inte-
grated transceiver architectures. Moreover, aggressive scaling
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CMOS technology has enabled the fabrication of highly inte-
grated CMOS millimeter-wave circuits for data communication
applications [4], [5].

In this brief, a millimeter-wave CMOS radiation oscillator is
designed by employing an above-chip microstrip patch antenna.
The radiation oscillator is a circuit block that combines an os-
cillator and an antenna by using the antenna structure as the res-
onator of the oscillator. This facilitates a small circuit layout and
avoids losses between the oscillator and the antenna. Further-
more, the oscillator can also function as a transmitter because it
enables on/off-keying modulation.

II. ABOVE-CHIP PATCH ANTENNA

A. Antenna Structure

The structure of the above-chip patch antenna is illustrated
in Fig. 1. The dielectric layer and the patch antenna are stacked
above the CMOS chip by postprocess assembly. The top metal
layer in CMOS technology forms the ground plane for the
patch antenna. The top metal ground plane can shield other
CMOS application circuits below it against electromagnetic
interference from the microstrip patch antenna. The patch
antenna is fed by electromagnetic couplings from slots carved
in the ground plane. The feed method makes the postprocess
assembly very easy because no via-hole process is needed in
the dielectric layer. The detailed shape of the slots is shown in
Fig. 2. These two slots allow the symmetric structure to realize
a balanced input and can be applied for cross-coupled oscil-
lators with CMOS devices [6]. The rectangles protruding into
the slots form a MOSFET array that composes a cross-coupled
transistor pair. The layout pattern will be detailed later herein.

The planar structure allows extremely small dimensions,
avoiding losses in the feed-line between the oscillator and
the antenna. Furthermore, the direct connection without a
feed-line makes it possible to design the input impedance of the
antenna independent of the feed-line characteristic impedance.
Here, we try to design a large antenna impedance to realize a
millimeter-wave radiation oscillator by CMOS cross-coupled
transistors. The conductance of the CMOS cross-coupled tran-
sistors compensates the loss of the antenna impedance, and the
(negative) conductance is

where and are the transconductances of the nMOS
FET and PMOSFET, respectively. If the antenna impedance is
low, then a large number of fingers of the transistor are needed to
compensate for the large loss of the input impedance. However,
the large number of fingers reduces the oscillation frequency as
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Fig. 1. Structure of the above-chip patch antenna.

Fig. 2. Detailed shape of slots.

a result of the large parasitic capacitance. Hence, the low input
impedance makes it difficult to implement a millimeter-wave
radiation oscillator in standard CMOS technology.

B. Property of the Antenna

A high dielectric constant material (alumina 96%, ,
) is used in the dielectric layer to reduce the

patch size. The geometry of the microstrip patch antenna is
also depicted in Figs. 1 and 2. The properties of the microstrip
patch antenna were calculated by field simulation with Ansoft’s
HFSS. Figs. 3 and 4 show the input admittances of various thick-
nesses “ ” of the dielectric layer. S11 has been evaluated on ad-
mittance, not impedance, with respect to the convenience of de-
signing a cross-coupled CMOS oscillator, where the microstrip
patch antenna is connected in parallel to cross-coupled CMOS
FETs.

The real and imaginary parts of admittance are shown
in Figs. 3 and 4, respectively. The real part at the resonant
frequency becomes small as the thickness of the dielectric layer
becomes large because the coupling between the patch and the

Fig. 3. Real parts of admittance.

Fig. 4. Imaginary parts of admittance.

slots becomes weak. On the other hand, the inflection in the
imaginary part becomes large at the resonant frequency as the
dielectric layer becomes thin. The efficiency of the antenna is
shown in Fig. 5. Although the optimal thickness is 200 m,
the efficiency at a thickness of 300 m is larger than 0.5, and
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Fig. 5. Efficiencies of the antenna and the circuits.

Fig. 6. Cross-coupling oscillator.

even the thickness at 400 m has an efficiency of 0.35, which
is sufficient for practical application, as shown in Fig. 5. The
working frequencies at thicknesses of 300, 400, and 500 m
were 17.4, 16.5, and 16.2 GHz, respectively.

III. OSCILLATOR DESIGN

A. Oscillation Condition

Using the microstrip patch antenna as a resonator, a CMOS
cross-coupling oscillator has been designed using 0.18- m six-
metal standard digital technology. The circuit schematic and the
layout pattern are shown in Figs. 6 and 7, respectively. Here,
M1–M4 form a cross-coupled transistor pair, and M5–M6 func-
tion as current sources. Because the drain currents of M1–M4
are equal to those of M5–M6 at the operation point, the bias
voltage can tune the transconductance of M1–M4 and the
power consumption. In addition, M7–M10 and four inverters
placed at the top are prepared for on/off-keying modulation. The
MOS FETs indicated by dotted lines implement MOS capaci-
tors that function as bypass capacitors. In addition, “port ” and
“port ” are connected to the ports of the antenna described in
Fig. 2.

In particular, the layout has been carefully designed so that
both gate resistance and parasitic capacitance become small,
as described in a previous study [7]. In standard CMOS tech-
nology, the gate material is polysilicon and its sheet resistance
is relatively large. If the gate width is wide, the distance be-
tween the contact and the intrinsic MOS FET becomes large,
and so the gate resistance cannot be ignored in high-frequency
applications. On the other hand, if the gate width is too small,
the number of fingers becomes very large to obtain sufficient
transconductance, resulting in large line–line capacitances.
Thus, optimization of the gate width (which is the finger width)
is required for high-frequency applications, and the finger
width of 0.89 m is chosen as optimal.

As mentioned below, the number of fingers is varied as a pa-
rameter. Postcircuit simulations have been carried out after ex-
tracting the parasitic elements from the layout pattern. The ad-
mittances between “port+” and “port-” are shown in Figs. 3 and
4 together with the antenna properties. The real parts of various
bias voltages are shown in Fig. 3, where the number of fingers
is fixed at 75. Fig. 4 shows the imaginary parts of the various
numbers of fingers. The property of the imaginary part changes
only slightly with bias voltage, unlike the real part. The oscilla-
tion condition is given as

(1)

(2)

where and are the real parts of the admittances of the
antenna and the cross-coupled pair, respectively, and and

are the imaginary parts of the admittances of the antenna
and the cross-coupled pair, respectively. Strictly speaking, (1)
is the condition for oscillation to start. The condition for contin-
uous oscillation ( ) is accomplished as a result
of the nonlinearity of the MOSFET. Note that the real part of
the cross-coupled pair and the imaginary part of the antenna are
negative, whereas their absolute values are shown in Figs. 3 and
4. Note that is caused by parasitic capacitances, such as
gate–source capacitance, and is approximately proportional to
the number of fingers. The oscillator cannot operate with an-
tennas having thicknesses of 100 or 200 m considering the
practical gain margin.

Even if a sufficiently large bias voltage ( 750 mV) forcibly
satisfies the gain condition of the 200- m thickness, another
obstacle arises with respect to the phase condition. As shown
in Fig. 4, the imaginary curve intersects the cross-coupled pair
with 75 fingers at three points: “a”, “b”, and “c”. This means that
these three frequencies satisfy the phase condition shown in (2).
However, the oscillation is unstable at “b”, and unfortunately,
“b” is the resonant frequency of the patch antenna. The reason
is probably that, rather than parallel resonance, the oscillation
circuit has series resonance at “b”. Although this phenomenon
has been confirmed by circuit simulation (transient simulation),
further analytical consideration is needed in the future.

B. On/Off Keying

To perform on/off-keying modulation, M7 and M8 are pre-
pared, and the power supply is switched according to the input
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Fig. 7. Layout pattern.

Fig. 8. Cross-coupling oscillator.

pulse. Note that two inverters shift the switch timing of M7 and
M8, which slightly disturbs the balance between the left and
right parts, which encourages vigorous oscillation. On the other
hand, when the oscillation is stopped, the energy stored in the
resonator (the antenna) is smoothly released by M9 and M10
shorting between “port+” and “port-”. As shown in Fig. 8, the
acceleration technique achieves a data rate of 500 Mb/s. Fig. 8
shows the transient simulation results for thicknesses of 300,
400, and 500 m. The differential amplitude has been tuned
to VDD Vpp by the bias voltage. The antenna was
modeled as rational functions for time-domain simulation [8].

The parameters in the rational functions have been approxi-
mated from S-parameters calculated by an electromagnetic field
solver.

The efficiencies of the circuit are shown in Fig. 5 together
with the antenna property. An efficiency of over 0.35 can be
realized for continuous oscillation but is reduced to 0.15–0.25
in the case of on/off keying. One reason for this is that the stored
energy is released by M7 and M8 to realize a large data rate. The
total efficiencies of the antenna and the circuit are also shown in
Fig. 5. The radiation power can also be controlled by the Vbias
condition for setting the oscillation. This has been confirmed
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Fig. 9. Radiation power and efficiency.

by SPICE simulation, as shown in Fig. 9, in the case of on/off
keying with a thickness of 300 m at 17.4 GHz.

IV. DISCUSSION ON RADIATION POWER

Radiation power is inversely proportional to the antenna
impedance for a fixed amplitude voltage. The radiation power

is expressed as

(3)

where , , and are the amplitude voltage (rms) of
the oscillator, the input impedance, and the efficiency of the
antenna, respectively. This may be disadvantageous in the
above radiating oscillator because the oscillator contains a
high-impedance antenna. Now, let us discuss the lower bound
of the radiation power in short-range communication. The
lower bound can be expressed as

(4)

where is the minimum receiving power, is the wave-
length, is the distance between the transmitter and the receiver,
and and are the antenna gains of the transmitter and the
receiver, respectively. For example, dBm when

dBm, cm (18 GHz), cm, and
dBi.

On the other hand, the radiation powers can be calculated as
described in (3). Thus, the radiation powers at thicknesses of
300, 400, and 500 m are calculated as 0.1, 3.4, and 5.3
dBm, respectively, from Figs. 1, 5, and 8. They satisfy the above
condition for dBm. The antenna gains at thick-
nesses of 300, 400, and 500 m were 1.7, 1.6, and 1.5 dBi, re-
spectively. The simulated radiation pattern at a thickness of 300

m is shown in Fig. 10. The working frequency was 17.4 GHz.

Fig. 10. Radiation pattern.

V. CONCLUSION

A balanced electromagnetic coupling patch antenna has been
proposed for direct connection to CMOS cross-coupling tran-
sistors, and a radiation oscillator has been implemented using
the antenna. To satisfy the conditions of millimeter-wave os-
cillation, the parameters of the antenna and the cross-coupling
transistor have been tuned by an electromagnetic field solver
and postcircuit simulation after extracting the parasitic elements
from the layout pattern.

Furthermore, employing switch transistors and two switching
techniques has enabled the modulation of digital information
by on/off keying, and the performance of 500 Mb/s and a total
efficiency of 0.12 have been confirmed by circuit simulation.

The developments of a demodulation technique based on the
proposed antenna and of a transceiver that is applicable to broad-
band short-range communication are subjects for future study.
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