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Abstract—This paper presents a -band push–pull power am-
plifier integrated with a modified uniplanar quasi-Yagi antenna.
In this circuit, corrugation is added to the truncated ground plane
of the antenna so that it can be used for both out-of-phase power
combining and second harmonic tuning. By using the active inte-
grated antenna concept, this novel circuit eliminates the usage of an
ordinary 180 hybrid at the power-amplifier output stage, there-
fore eliminating the losses associated with the hybrid, resulting
in a compact and high-efficiency power-amplifier design with in-
trinsic second harmonic suppression. At an operating frequency
of 4.15 GHz, a maximum measured power-added efficiency (PAE)
of 60.9% at an output power of 28.2 dBm has been achieved. The
measured PAE is above 50% over a 260-MHz bandwidth. Addi-
tionally, the second harmonic radiation is found to be 30 dB below
the fundamental in both - and -planes. When the circuit is sub-
jected to a two-tone test, the measured third-order intercept point
is 37 dBm, about 10 dB above the 1 dB point.

Index Terms—Active integrated antenna, FET amplifier, har-
monic tuning, power-added efficiency, push–pull power amplifier.

I. INTRODUCTION

NEXT-GENERATION wireless communication systems
require highly compact and lightweight transmitters

with long operating life times. Since the power amplifier (PA)
consumes the majority of the power in the transmitter, much
attention is paid to maximizing the efficiency of this crucial
component. Several new design architectures for PAs with high
efficiency and good linearity have been proposed, including
the design of a dynamic supply voltage amplifier with on-chip
dc–dc converter [1], and the use of periodic structures for
harmonic tuning [2], [3]. Another technique for achieving
high efficiency and minimum circuit size was demonstrated
by using the active integrated antenna (AIA) concept. The
AIA approach has been taken in the design of various circuits,
such as mixers, transceivers, frequency doublers, and high-ef-
ficiency PAs [2], [4]–[9]. Recently, this concept has been
extended to the push–pull PA [9]–[12], where the power of two
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antiphase-driven class-B PAs are directly combined through a
dual-feed planar antenna.

The push–pull PA has a number of advantages over single-
ended amplifiers, including the potential for broad-band perfor-
mance [13] and twice the output power of a single-ended ampli-
fier, which allows the use of two lower cost devices for a spec-
ified output power. In the conventional push–pull PA architec-
ture, the input power is split and fed in antiphase to the two FETs
through an 180hybrid. The resulting two output currents con-
sist of two antiphase half-sinusoids. The Fourier analysis of the
device drain current waveform can be expressed as

(1)

(2)

where is the magnitude of the drain peak current and
is the operating frequency. As shown in (1) and (2), the output
currents consist of antiphase fundamental terms and in-phase
higher harmonic components. In the traditional microwave-fre-
quency push–pull PA, the two FET devices are typically com-
bined using a broad-band 180hybrid or a balun. However,
the loss associated with the output stage hybrid directly limits
the practical efficiency of this class of amplifier at microwave
and millimeter-wave frequencies [14]. Additionally, the load
impedance is extremely crucial in designing a highly efficient
PA, and should provide a reactive termination at higher har-
monics to reflect the power back to the FET with the proper
phase [11].

In the AIA approach, active devices are directly integrated
with the antenna, allowing the antenna to serve as a power com-
biner and a harmonically tuned load, in addition to its original
role as a radiating element, thus minimizing circuit size and in-
sertion loss. In this paper, the AIA concept is applied to de-
sign a compact and high-efficiency-band push–pull PA using
a modified quasi-Yagi antenna. Fig. 1 shows the schematic of
this circuit. As in a conventional push–pull PA, a ring hybrid
is used at the input stage to split the input power and feed the
two FETs with two antiphase waveforms. At the output stage,
the balanced waveforms provide the proper antiphase excitation
of the antenna, thereby eliminating the need for a 180balun,
while simultaneously achieving a high level of integration with
the push–pull PA.
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Fig. 1. Schematic of the push–pull PA integrated with a quasi-Yagi antenna
with corrugation on the ground plane.

II. QUASI-YAGI ANTENNA DESIGN

Recently at the University of California at Los Angeles
(UCLA), we have developed a new type of microstrip-compat-
ible planar end-fire antenna based on the classical Yagi–Uda
antenna [15]–[17]. This new quasi-Yagi antenna features a
very simple, yet compact, design that offers extremely broad
operating bandwidth ( % for 10.0 dB)
with a moderate gain of approximately 5 dBi [17]. Unlike the
traditional Yagi–Uda antenna, the quasi-Yagi antenna employs
the truncated microstrip ground plane as a reflector, thus elimi-
nating the need for a reflector dipole. In addition, the quasi-Yagi
antenna uses a microstrip-to-coplanar strip (CPS) transition to
feed the printed dipole, which, in turn, is used to excite the
surface wave in the high dielectric-constant substrate. Since the
reflected surface wave from the truncated ground plane
and the driven dipole share the same field polarization, they
are strongly coupled. A shorter dipole is used to steer wave
propagation toward endfire while simultaneously serving as
a parasitic impedance matching element. In the presented PA
design, we have modified the original quasi-Yagi structure so
that the antenna is driven by two antiphase microstrip feeds in
a balanced fashion. This topology is, therefore, naturally suited
to combine the antiphase output waveforms produced by the
push–pull PAs.

Any antenna designed using the AIA approach must radiate
efficiently with acceptable patterns [11]. Otherwise, the high
level of integration gained by the AIA approach is wasted.
Figs. 2 and 3 show the measured radiation patterns and antenna
gain for the modified quasi-Yagi antenna. These patterns are
consistent with those of an unmodified quasi-Yagi antenna. To
achieve a highly efficient AIA design, a parametric study of the
radiating mechanisms of the antenna was needed. The driven
element of the antenna is a printed dipole antenna. Ideally,
a dipole will radiate efficiently when antiphase excitation is
applied. No radiation should occur if in-phase excitation is
applied. In this ideal situation, the dipole represents a perfect
tuned load for the push–pull PA, which has antiphase fun-
damental outputs as well as in-phase higher even harmonics.
Unfortunately, the balanced-CPS-fed quasi-Yagi was found
to be less than ideal in this respect. Simulations showed that
in-phase excitation of the antenna led to fairly significant
radiation at the second harmonic of the structure. Closer inves-
tigation reveals that this is due to the truncated ground plane of

Fig. 2. Radiation patterns of the uniplanar quasi-Yagi antenna with a
corrugated ground plane at 4.15 GHz.

Fig. 3. Measured quasi-Yagi antenna gain as a function of frequency.

the antenna. In a balanced-CPS-fed quasi-Yagi antenna design,
the CPS lines are fed by coupled microstrip lines, which sup-
port both even and odd modes. At the higher even harmonics,
which signify in-phase excitation of the antenna, it was found
that the CPS lines feeding the driven dipole were themselves
radiating as a monopole-like structure at the truncated ground
plane. Therefore, in its original state, the quasi-Yagi antenna
will radiate undesired harmonics if integrated with a class-B
push–pull PA, which generates an antiphase fundamental
component, as well as in-phase even harmonics.

In a high-efficiency PA design, the load impedance should
provide a reactive termination at the higher harmonics. Thus,
to use the quasi-Yagi antenna in the design of a high-efficiency
AIA push–pull PA, the monopole-type radiation at the even har-
monics must be eliminated. A simple, yet effective, technique
for performing this task is to add corrugation to the truncated
ground plane. The depth of corrugation is chosen to be approx-
imately for the slotline mode at the second harmonic. The
monopole-type radiation will excite the TE surface wave in the
substrate, which will then excite the slotline mode at the trun-
cated ground plane. Since the corrugation depth is at the
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(a)

(b)

Fig. 4. Simulated electric-field intensity of quasi-Yagi antenna: (a) with
corrugation and (b) without corrugation at the second harmonic.

second harmonic, this corrugation will appear as an open circuit
at all even harmonics, effectively canceling the monopole radia-
tion at the truncated ground plane at these frequencies. In addi-
tion, since the corrugation is at the fundamental frequency,
we expect the corrugation to have minimal impact at the fun-
damental frequency. To demonstrate this, Agilent’s High Fre-
quency Simulator System (HFSS) is used to simulate the electric
field intensity on the antenna plane for the quasi-Yagi antenna
with and without corrugation. As shown in Fig. 4, the-field
intensity is significantly reduced at the second harmonic when
corrugation is added to the ground plane, while the effect at the
fundamental frequency was found to be minimal, as observed
in Fig. 5. Since the output of a push–pull amplifier contains a
series of in-phase even harmonics in addition to the antiphase
fundamental, this modified quasi-Yagi antenna can be used as a
harmonically tuned load.

(a)

(b)

Fig. 5. Simulated electric-field intensity of quasi-Yagi antenna: (a) with
corrugation and (b) without corrugation at the fundamental frequency of 4.15
GHz.

III. PA DESIGN

The -band push–pull PA integrated with a quasi-Yagi
antenna with corrugated ground plane was designed and
optimized using Hewlett-Packard’s Series IV harmonic-bal-
ance simulator. The modified dual-feed uniplanar quasi-Yagi
antenna is directly incorporated into the simulator as a two-port
network containing measured-parameter data. The active
devices used are Microwave Technology MWT-8HP GaAS
power FETs with 1.2-mm gatewidth and are modeled using the
built-in large-signal model within the Series IV simulator. The
RF chokes were implemented using 100-nH coil inductors. To
achieve maximum power-added efficiency (PAE), the FETs
are biased at class AB, where the devices have slightly higher
gain. The drain voltage is fixed at 5 V, and the gate is biased so
that the quiescent drain current is 10% of of the device.
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Fig. 6. Push–pull PA integrated with modified quasi-Yagi antenna.

The complete circuit is fabricated on an RT/Duroid with a
dielectric constant of 10.2 and substrate thickness of 50 mil.
The prototype -band AIA PA is shown in Fig. 6.

Unlike a conventional 50- PA design, the load of a PA inte-
grated with an antenna is free space. The measurement of such a
circuit is, therefore, more difficult when compared to a standard
active circuit. The gain must first be measured in an anechoic
chamber with a receive antenna. To obtain the exact gain of the
amplifier, care must be taken to calibrate the antenna gain out of
the amplifier gain measurement using a passive quasi-Yagi an-
tenna as a reference (Fig. 7). In this calibration, the same input
power is applied to both the active and passive antennas. This
calibration technique assumes that the radiation patterns of both
antennas are identical. This has been confirmed by measuring
the radiation patterns of both the active and passive versions of
the antenna.

IV. EXPERIMENTAL RESULTS

To evaluate the PAE and output power directly at the output
of the push–pull amplifier, the AIA circuit shown in Fig. 6 and
the reference quasi-Yagi antenna shown in Fig. 7 are measured
using the testing method mentioned previously. The measured
PAE and output power versus input power for the push–pull PA
at 4.15 GHz are shown in Figs. 8 and 9, respectively. The max-
imum measured PAE is 60.9% at an output power of 28.2 dBm.
Fig. 10 shows the measured drain current for the two FETs
versus input power. Notice that the measured currents for the
two devices are different. This can be explained by the mismatch
between the two FETs. When the measured PAE and output
power is plotted versus frequency, as shown in Figs. 11 and 12,
it is observed that the measured PAE is better than 50% from
4.08 to 4.29 GHz.

As mentioned in the previous section, high-efficiency PAs
generate substantial harmonics that can radiate out through the
antenna. These undesired harmonics can significantly degrade

Fig. 7. Reference quasi-Yagi antenna.

Fig. 8. Measured PAE versus input power for the modified quasi-Yagi antenna
push–pull PA.

Fig. 9. Measured output power versus input power for quasi-Yagi antenna
push–pull PA.

the overall system performance. In this paper, the novel uni-
planar quasi-Yagi antenna with corrugated ground plane is used
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Fig. 10. Measured dc drain currents for two FETs versus input power for
quasi-Yagi antenna push–pull PA.

Fig. 11. Measured PAE versus frequency for quasi-Yagi antenna push–pull
PA.

Fig. 12. Measured output power versus frequency for quasi-Yagi antenna
push–pull PA.

to reduce the unwanted harmonic radiation that is generated by
the high-efficiency push–pull PA. This is observed by measuring
the second harmonic radiation from the push–pull PA integrated
with the quasi-Yagi antenna. Figs. 13 and 14 show fundamental
and second harmonic radiation patterns for the- and -plane
co-polarizations, respectively. Note that these measurements are
done at maximum PAE. The output power is calibrated using the

Fig. 13. Measured fundamental and second harmonicE-plane radiation
patterns for the push–pull PA with modified quasi-Yagi antenna.

Fig. 14. Measured fundamental and second harmonicH-plane radiation
patterns for the push–pull PA with modified quasi-Yagi antenna.

Friis transmission formula, accounting for only the received an-
tenna gain and the free-space loss at the corresponding frequen-
cies, so that the output power levels at both frequencies are ref-
erenced at the output of the AIA. Additionally, the fundamental
is normalized to 0 dB. As shown in Figs. 13 and 14, second har-
monic suppression of about30 dB has been measured in both
the - and -planes. Since this push–pull PA is biased at class
AB, the power level of the third harmonic was also checked. It
was found to be very small and is, therefore, ignored.

A two-tone test is the simplest testing method that can pro-
vide a rough measurement of PA linearity. In this test, the output
powers at the fundamental frequency and at the third-order in-
termodulation (IP3) products are measured against the input
power. Since the IP3 products are normally very close to the
fundamental frequency and fall within the PA bandwidth, high
output power at these frequencies can significantly distort the
signal at the PA output. Fig. 15 shows the measured two-tone
test results of the push–pull PA integrated with the modified
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Fig. 15. Output powers of main signal and IP3 versus input power (f1 = 4:15 GHz,f2 = 4:17 GHz).

quasi-Yagi antenna. The measurement was done by simulta-
neously injecting the fundamental signal at 4.15 GHz and the
second signal with the same input power level, but at the fre-
quency shifted by 1 MHz into the push–pull PA. The IP3 product
is obtained as the intersection of the extrapolated 3-dB in-band
intermodulation distortion line and the 1-dB linear output power
line. As shown in Fig. 15, the intercept point is 37 dBm, which
is about 10 dB above the point.

V. CONCLUSION

In this paper, we have applied the AIA concept to realize a
push–pull PA integrated with a uniplanar quasi-Yagi antenna.
The circuit uses a modified quasi-Yagi antenna that effectively
radiates the fundamental while simultaneously suppressing
higher harmonic radiation. A peak PAE of 60.9% at the output
power of 28.2 dBm has been achieved at 4.15 GHz. A PAE
greater than 50% is maintained over a 260-MHz bandwidth.
Additionally, the second harmonic radiation is found to be
30 dB below the fundamental in both the- and -planes.
It is also observed that the IP3 point is about 10 dB above
the point when the two-tone test is performed. These
results indicate that this compact AIA push–pull PA design can
achieve well-balanced performance in terms of good linearity
as well as high efficiency.
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