
is set to be 20 Mbps. At each rising edge of the input data Vin, a
UWB pulse is generated. As a result, a UWB pulse is transmitted
for each data bit. The voltage swing of the pulse is around 600
mVp-p, and the pulse width is around 0.5 ns. The pulse repetition
rate can be changed by varying the input clock rate because each
pulse is generated by each rising edge of the clock. High-bit rate
(50 Mbps) performance is also measured, as shown in Figure 6(b).

Figure 7 shows a measured spectrum of the DA output pulse
sequence, where the data transmission rate is 50 Mbps. It can be
seen that the pulse spectrum are shaped such that the major energy
occupies in the FCC UWB low-band of 3.1–5 GHz and the power
spectrum density is less than �41.3 dBm/MHz. The proposed
UWB transmitter IC can also be used for other data rate. The
measured transmitter IC performance is summarized in Table 2.

The antenna prototype is shown in Figure 8. The proposed
monopole antenna is simulated and optimized using the commer-
cial simulation software CST Microwave Studio simulator. Figure
9 shows return loss of the proposed antenna with a notched
frequency band centered at 5.55 GHz.

The measured antenna radiation patterns at 4 and 7 GHz are
plotted in Figure 10. At the low frequency, E-plane radiation
pattern is similar to that of the traditional monopole antenna. For
the H-plane radiation patterns, it is still remain nearly omnidirec-
tional across the operation bandwidth. Although the proposed TX
generates pulses that are below 5.1 GHz, the band-notch feature is
still very helpful for next-generation UWB transceivers working at
higher frequency range where the interference with WLAN at the
band of 5.1–5.8 GHz has to be excluded by the design itself.

The received pulse signal transmitted by the UWB transmit
module is shown in Figure 11. The measured pulse transmission
result clearly demonstrated the workability of the proposed UWB
transmit module.

5. CONCLUSION

A fully integrated CMOS UWB transmitter module is presented.
The transmitter module consists of a band-notched UWB antenna
and a transmitter IC which integrates a pulse generator, a gating
signal generator and DAs. The UWB pulse generator proposed is
all-digital, low-complexity and has low-power consumption. The
drive amplifier uses a two-stage amplifier—a Class-E amplifier
and a Class-A amplifier with switch control, to significantly reduce
power consumption. The transmitter has been demonstrated in a
0.18-�m CMOS technology.
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ABSTRACT: In this letter, a highly efficient class-F power amplifier
(PA) is developed as a new main block of the wideband base-station
linear power amplifier. The class-F PA is implemented using Eudyna
EGN010MK GaN HEMT with a 10-W peak envelop power. The nonlin-
earity and memory effects of class-F PA are explored to apply the wide-
band application. The maximum power-added efficiency of the imple-
mented PA is 68% at a saturated output power of 40 dBm for the 2.14-
GHz CW signal. The PA delivers a good efficiency of 35% at an
average output power of 32.3 dBm for wide-band code division multiple
access 3FA signal with 15-MHz bandwidth, and the linearity can be
improved to about �48 dBc using the digital feedback predistortion lin-
earization technique. © 2009 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 51: 2323–2326, 2009; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.24631

Key words: power amplifier; efficiency; linearity; linearization; WC-
DMA

1. INTRODUCTION

Current and next-generation wireless communication systems,
such as wide-band code division multiple access (WCDMA),
worldwide interoperability for microwave access (WiMAX) and
so on, are progressed toward the wide band-width and large
number of carriers to transmit high-data-rate signals for multime-

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 51, No. 10, October 2009 2323



dia communications. To sustain these communications, the power
amplifiers (PAs) should amplify the modulated signals without
distortion. However, the PAs cannot linearly amplify the signals
due to severe memory effects for the wideband signals. Thus, the
memory-effect suppression is an important issue for the applica-
tions. Moreover, a highly efficient PA is required to reduce size
and cost of the overall system.

Recently, to accomplish the requirements of PAs, the switch-
ing/saturated PAs that are used as a main PA of a linear power
amplifier (LPA) have been developed as well as other transmitter
architectures using them [1–5]. This new scheme is based on the
high efficiency performance of the PAs, and the linearity of the
PAs mainly depends on the linearization capability of a digital
predistortion (DPD) technique. Thus, the powerful DPD technique
is required to compensate nonstandard or serious nonlinear char-
acteristics of the PAs operated at the average power level.

This letter presents the highly efficient class-F PA that is used
as a main PA of a LPA for WCDMA multi-carrier applications.
The class-F PA is implemented using Eudyna EGN010MK GaN
HEMT with a 10-W peak envelop power (PEP). The memory
effects of the class-F PA are at first explored using two-tone
signals (up to 20-MHz tone spacing). The digital feedback predis-
tortion (DFBPD) technique that deliver a good linearization per-
formance for serious nonlinear distortions due to the accurate
predistortion (PD) signal extraction capability is applied to linear-
ize the PA [6]. From the experimental results, it will be demon-
strated that the implemented class-F PA delivers high efficiency
and linearity performance for WCDMA 3FA signal with 15-MHz
band-width.

2. CLASS-F PA DESIGN AND ANALYSIS

2.1. Circuit Topology
A class-F PA can achieve high efficiency by generating ideally
half-sinusoidal current and square-wave voltage waveforms. These
waveforms are realized by creating zero impedance at all even
harmonics and infinite impedance at all odd harmonics. However,
because all harmonic contents cannot be controlled, the class-F PA
is mostly designed through the second and third harmonic controls.
Figure 1 shows the harmonic control circuit (HCC) of the class-F
PA. The control circuit is designed to provide a short impedance
for the control harmonic frequency at cross-section point to pre-
vent disturbances caused by other harmonic frequencies at the
point. The harmonic control impedances should to be provided at
the drain current node inside of the intrinsic capacitive components

and the packaging elements. Thus, a phase delay of the compo-
nents and the packaging elements are compensated by reducing the
length of the �/4 line that is placed at the input of the HCC. In
addition, the HCC is employed in front of the fundamental match-
ing circuit to prevent the harmonic impedance change caused by
the matching circuit as presented in [Ref. 7].

2.2. Memory-Effect Suppression
For the wideband signals, the memory effects are mainly caused by
varying envelope and second harmonic node impedances accord-
ing to the different modulated frequencies [8]. The impedances at
the gate and drain nodes of the class-F PA can be expressed as

and

ZDrain� f2 � f1,2f1,2� � ZD,device//ZD,HCC. (2)

To minimize the memory effects, the impedances should be
zero or constant values for varying the frequency range. The short
impedance at the gate node can be fulfilled by properly designing
the bias circuit due to high input impedance ZG,device. The second
harmonic impedances at the drain node can be shorted right by the
second harmonic control circuit of the class-F PA. Moreover, in
the class-F PA design using a GaN HEMT device, the output load
impedance ZD,device is increased due to the high power capacity of
the device. Thus, it is possible to close a short envelope impedance
through the HCC. Therefore, the memory effects of the class-F PA
can be suppressed.

3. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The class-F PA is implemented using Eudyna EGN010MK GaN
HEMT with a 10-W peak envelop power (PEP) and has a class-B
bias (VGG � �1.6 V at VDD � 50 V). Figure 2 shows the measured
output power, power gain, drain efficiency, and power-added ef-
ficiency (PAE) of the class-F PA for a 2.14-GHz CW signal. The
maximum PAE is 68% at a saturated output power of 40 dBm.
Figure 3 illustrates the IMD3 and IMD5 characteristics of the PA
for two-tone signals (up to 20-MHz tone spacing). The amplifier
has serious nonlinear distortions at the whole output power range
but has very weak memory effects for all average power levels and
tone spacings. These characteristics are induced by the saturated

Figure 1 Harmonic control circuit of the class-F power amplifier.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 2 Measured output power, power gain, drain efficiency, and
PAE characteristics for CW signal. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]
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operation to accomplish high efficiency and the low memory
characteristics of class-F circuit topology using the GaN HEMT
device, as expected in Section 2.

To verify the suitability of the class-F PA as the main block of
the wideband base-station LPA, we have employed the DFBPD
linearization technique to improve the linearity for a 2.14-GHz
forward-link WCDMA 3FA signal with 15 MHz bandwidth and
8.2 dB peak-to-average power ratio (PAPR) at the 0.01% level of
the complementary cumulative distribution function (CCDF). An
Agilent Advanced Design System using an electronic signal gen-
erator and vector signal analyzer (ADS-ESG-VSA) connected
solution was used for the test [9]. The DFBPD consists of two
256-entry AM/AM and AM/PM lookup tables (LUTs) which is
programmed by MATLAB. Figure 4 illustrates AM/AM and
AM/PM characteristics of the amplifier before the linearization at
an average output power of 32.3 dBm. It is shown that the PA
provides serious nonlinear characteristics at the whole input volt-
age range and has weak memory effects. These data indicate that
it is important to linearize the serious nonlinear characteristics of
the class-F PA, more than the memory-effect compensation.

Figure 5 shows the measured WCDMA 3FA spectra of the PA
before and after the DFBPD linearization. The ACLR at an offset
of 5-MHz is �48.2 dBc, which is an improvement of about 24 dB

at an average output power of 32.3 dBm. The PAE of the PA is
35% at the average output power. Figure 6 illustrates the AM/AM
and AM/PM characteristics of the PA after the linearization. The
serious memoryless nonlinear characteristics are successfully lin-
earized by the DFBPD algorithm. In addition, to explore the better
linearization possibility for the weak memory effects, the wide-
band digital feedback predistortion (WDFBPD) technique includ-
ing a memory-effect compensation algorithm presented in [Ref.
10] is applied, and the linearization result is almost the same in
comparison to the memoryless DFBPD linearization. These results
show clearly that the class-F PA has weak memory effects and can
deliver high efficiency as well as high linearity by employing the

Figure 3 Measured (a) IMD3 and (b) IMD5 characteristics for two-tone
signals (up to 20 MHz tone spacing). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]

Figure 4 Measured (a) AM/AM and (b) AM/PM characteristics before
the linearization at an average output power of 32.3 dBm for WCDMA
3FA signal. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

Figure 5 Measured WCDMA 3FA spectra before and after the DFBPD
linearization at an average output power of 32.3 dBm. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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memoryless DPD linearization for wideband signals. The measure-
ment results are summarized in Table 1.

4. CONCLUSIONS

In this letter, the highly efficient class-F PA is presented as a new
main block of the wideband base-station LPA. The nonlinearity
and memory effects of class-F PA are investigated using the
two-tone and modulated signals. The PA delivers a good efficiency
of 35% at an average output power of 32.3 dBm for WCDMA 3FA
signal with 15-MHz bandwidth, and the linearity can be improved
to about �48 dBc using the DFBPD technique. From the experi-
mental results, we conclude that the class-F PA is well suitable to
the highly efficient main amplifier of the current and next-gener-
ation systems.
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Figure 6 Measured (a) AM/AM and (b) AM/PM characteristics after
the DFBPD linearization at an average output power of 32.3 dBm for
WCDMA 3FA signal. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]

TABLE 1 Measured Performance of the Class-F Amplifier
Before and After the Linearization at an Average Output
Power of 32.3 dBm (PAE � 35.0%) for WCDMA 3FA Signal

ACLR [dBc]
at �/� 5MHz

ACLR [dBc] at
�/� 10MHz

Class-F PA �24.0/�25.4 �27.1/�28.9
DFBPD � Class-F PA �48.2/�48.7 �48.3/�49.2
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