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Abstract
This paper analyzes the characteristics when compensating for wideband intermodulation distortion (IMD) components
of a fabricated 3.5-GHz band 140-W class feed-forward power amplifier (FFPA) for mobile base stations. The
fabricated FFPA achieves the bandwidths of 160 MHz and 120 MHz when compensating for the IMD components for
LTE signals with the bandwidths of 5 MHz and 20 MHz, respectively, when the output power is 40 dBm and the
adjacent channel leakage power ratio is -45 dBc. Experimental and analysis results show that the FFPA compensates for
the wideband IMD components when the IMD component compensation level is reduced. This paper shows that the
FFPA is a worthwhile linearizer that compensates for 3.5-GHz band wideband IMD components.

1. Introduction
Mobile communication systems continuously evolve to offer novel mobile communication services toward
international mobile telecommunications (IMT)-Advanced as specified by the International Telecommunication Union Radiocommunication Sector. IMT-Advanced specifies that the data rate should be approximately 100 Mbps under high
mobility conditions and 1 Gbps under low mobility or stationary conditions [1, 2]. The third generation partnership
project has been investigating the long term evolution (LTE)-Advanced as IMT-Advanced [3]. The World
Radiocommunication Conference 2007 adopted new primary allocations for mobile communication services and/or new
identifications for the IMT-2000 and IMT-Advanced systems in a number of bands including 3.4 – 3.6 GHz [4, 5].
Base station power amplifiers will be required to provide wider bandwidth operation in the 3.5-GHz band. This
indicates that the linearizer of the base station power amplifier will also be required to have the capability to
compensate for wideband intermodulation distortion (IMD) components. There are two major types of linearizers for
base stations: one is the “digital predistortion linearizer (DPDL)” and the other is a “feed-forward” type. The DPDL is
used in IMT-2000 base stations [6]. Application of the DPDL may be effective as a wideband IMD component
compensation technique such as over a 100-MHz bandwidth in the future. In this case, the digital signal processing unit
of the DPDL requires an operational bandwidth of several hundred megahertz taking the oversampling rate and the
third-order and fifth-order IMD components into account. On the other hand, it is known that the feed-forward power
amplifier (FFPA) can compensate for wideband IMD components in principle [7-9]. Previously, we presented an
experimental investigation on the characteristics of wideband IMD compensation for a 3.5-GHz band FFPA employing
an LTE test signal with a 5-MHz bandwidth [10]. However, there is still insufficient discussion regarding the bandwidth
when compensating for IMD components using other test signals. This paper analyzes the characteristics when
compensating for wideband IMD components for a fabricated 3.5-GHz band 140-W class FFPA employing LTE test
signals with bandwidths of 5 MHz and 20 MHz. This paper also discusses the characteristics when compensating for
wideband IMD components based on experimental and numerical results.

2. Analysis
The FFPA has two loops: One is the signal cancellation loop and the other is the distortion cancellation loop.
Fig. 1 shows a basic configuration corresponding to the signal cancellation loop and the distortion cancellation loop.
The basic configuration has a delay line and a vector regulator that adjusts the amplitude and phase of the input signal.
From the standpoint of frequency characteristic analysis, the vector regulator is assumed to have flat frequency
characteristics and the delay time of zero. The output signal, y, of the basic configuration can be expressed as
(1)
y  exp j 2f   a exp j x .
Here x is the input signal of the basic configuration, and a and  are the amplitude and phase errors of the vector
regulator, respectively. Terms f and are the frequency offset from the center frequency of x and the delay mismatch of

978-1-4244-6051-9/11/$26.00 ©2011 IEEE

the delay line at the center frequency of x, respectively. The frequency offset corresponds to the bandwidth. The signal
suppression level, |y/x|2, can be expressed as

y / x  1  a 2  2a cos  2f  .
2
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Fig. 2 shows the numerical calculation results of (2). The signal suppression ratio and the frequency offset are indicated
on the vertical and horizontal axes, respectively. The phase error offsets the frequency at the minimum signal
suppression ratio from the frequency at the phase error of zero. From Fig. 2, the phase error of 10 deg. has the
frequency offset of 3 MHz. On the other hand, the amplitude error reduces the signal suppression ratio. The amplitude
error of 0.45 dB becomes the minimum signal suppression ratio of -20 dB. Fig. 3 shows the numerical calculation
results of (2). The relative bandwidth and the signal suppression level are indicated on the vertical and horizontal axes,
respectively. The relative bandwidth corresponds to f *100. It is the same as the ratio of the signal bandwidth to the
center frequency. The relationship between the signal suppression ratio and the relative bandwidth does not depend on
the phase error because the phase error only causes the frequency offset from the minimum signal suppression ratio
shown in Fig. 2. When the amplitude error and the phase error are zero, the signal suppression level depends on the
relative bandwidth. For example, the signal suppression level is 30 dB at the relative bandwidth of 1% (the bandwidth
of 35 MHz at the center frequency of 3.5 GHz). Furthermore, the signal suppression level is saturated more than that at
the relative bandwidth of about 4% when the amplitude error is from 0 dB to 1.0 dB. Fig. 3 shows that the FFPA can
suppress the wideband IMD components, but the signal suppression level is reduced.
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Fig. 1. Basic configuration of the
signal cancellation loop and the
distortion cancellation loop.

0
-10

1.0 dB

-20

0.45 dB

-30

Amplitude error
0 dB

-40
-50

0

2

4

6

8

10

Relative Bandwidth (%)

Fig. 2. Numerical calculation
results showing relationship
between the signal suppression
level and frequency offset.

Fig. 3 Numerical calculation results
showing relationship between the
signal suppression level and the
relative bandwidth.

3. Experiment
3.1 Fabricated FFPA
Figs. 4 and 5 show the configuration and a photograph of the fabricated FFPA that employs self-adjusting
circuits for the signal and distortion cancellation loops. The fabricated FFPA is designed with the center frequency of
3.5 GHz. The main amplifier is a harmonic reaction amplifier (HRA) [11] that has a 3.5-GHz signal rejection filter, a
second harmonic 7.0-GHz rejection filter, and a second harmonic path. The main amplifier uses two 70-W class GaN
HEMTs in class-AB biasing. The saturation output power is approximately 51.5 dBm using a pulse test signal. The
error amplifier uses a 70-W class GaN HEMT with class-A biasing. The self-adjusting circuits consist of pilot signal
generators, pilot signal detectors, and a controller [9]. The controller adjusts the vector regulator to achieve the
minimum level for the detected pilot signal.
Signal cancellation loop

Combiner

Input

Preamplifier
Vector
regulator

Combiner

Couplers

Distortion cancellation loop

Main
amplifier

Power
combiner / divider

Preamplifier

Delay line
Coupler

Coupler

Pilot signal
generator

Controller

Coupler

Delay line
Pilot signal
generator

Delay line
Power combiner/
Vector
Main
regulator Preamplifier amplifier divider

Input

Coupler

Output

Error
amplifier

Controller

Fig. 4. Fabricated FFPA configuration.
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Fig. 5. Photograph of fabricated FFPA.

3.2 Test Signals
The test signals use LTE signals employing evolved universal terrestrial radio access test mode 1.1 [12]. The
channel bandwidths of the test signals are 5 MHz and 20 MHz. The modulation scheme is QSPK. The number of
resource blocks for the test signals with the bandwidths of 5 MHz and 20 MHz are 25 and 100 blocks, respectively. The
complementary cumulative distribution functions of the test signals are almost the same as that for Gaussian noise. The
peak-to-average power ratio (PAPR) of the test signals with the bandwidths of 5 MHz and 20 MHz are 9.4 dB and 11.1
dB, respectively. The vector signal generator outputs the test signals. The adjacent channel leakage power ratio (ACLR)
is monitored by the spectrum analyzer. The ACLR of the test signal with the 5-MHz bandwidth is calculated from the
ratio of the adjacent channel bandwidth of 4.515 MHz with a 5-MHz offset and the transmission bandwidth of 4.515
MHz [13]. The ACLR of the test signal with the 20-MHz bandwidth is calculated from the ratio of the adjacent channel
bandwidth of 18.015 MHz with a 20-MHz offset and the transmission bandwidth of 18.015 MHz [13].

3.3 Results

Ouptut Power of FFPA (dBm)

Fig. 6 shows the output power performance of the fabricated FFPA at the measurement frequency of 3.5 GHz.
The input power and the output power are represented on the vertical and horizontal axes, respectively. The power
meters measured the input power and the output power, respectively. The controller is used to control the vector
regulators. In this experiment, the vector regulators are set with the same amplitude and phase parameters as when
employing the test signals with the bandwidths of 5 MHz and 20 MHz. The fabricated FFPA achieves the gain of 37 dB
when using the test signals with the bandwidths of 5 MHz and 20 MHz.
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Fig. 6. Output power performance of fabricated FFPA with LTE test signals.
Fig. 7 shows the ACLR performance of the fabricated FFPA and the fabricated main amplifier at the
measurement frequency of 3.5 GHz. The ACLR and the output power are indicated on the vertical and horizontal axes,
respectively. We measured the lower ACLR and the upper ACLR simultaneously. The controller is used to control the
vector regulators. In this experiment, the vector regulators are set with the same amplitude and phase parameters as
when employing the test signals with the bandwidths of 5 MHz and 20 MHz. Fig. 6 shows the worst ACLR data of the
measured ACLRs. The fabricated FFPA achieves the ACLR of -50 dBc with the test signal with the 20-MHz bandwidth
and that of -58 dBc with the test signal with the 5-MHz bandwidth at the output power of 40 dBm. On the other hand,
the fabricated main amplifier attains the ACLR of -32 dBc with the test signal with the 20-MHz bandwidth and that of 33 dBc for the test signal with the 5-MHz bandwidth at the output power of 40 dBm. The ACLRs of the test signal with
the 20-MHz bandwidth are less than those for the test signal with the 5-MHz bandwidth. This is because the relative
bandwidth of the test signal with the 20-MHz bandwidth is four times that for the test signal with the 5-MHz bandwidth,
when the amplitude error and the phase error maintain the same levels.
Fig. 8 shows the frequency characteristics of the ACLR in the fabricated FFPA with the test signals with the
bandwidths of 5 MHz and 20 MHz. The ACLR and the frequency are represented on the vertical and horizontal axes,
respectively. The output power is 40 dBm because the output back-off level is the same as the PAPR of the test signal
with the 20-MHz bandwidth. The vector regulators are manually set to minimize the ACLRs monitored by the spectrum
analyzer at 3.5 GHz. The ACLRs at each frequency are measured when the center frequencies of the test signal are
changed. The frequency span is set to 20 MHz. The ACLR compensation bandwidth of the fabricated FFPA at the
ACLR of -45 dBc is 160 MHz with the test signal with the 5-MHz bandwidth and 120 MHz in the test signal with the
20-MHz bandwidth. In this case, the minimum ACLR compensation level with the test signal with the 20-MHz
bandwidth deteriorates by 8 dB from that with the test signal with the 5-MHz bandwidth. The experimental results show
that the fabricated FFPA compensates for the distortion in the wideband IMD components. The frequency
characteristics of the ACLR with the test signal with the 20-MHz bandwidth become the same those for the ACLR level

of the test signal with the 5-MHz bandwidth when the frequency offset is more than 50 MHz. The FFPA compensates
for the wideband IMD components and reduces the IMD component compensation level shown in Fig. 3.
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4. Conclusion
This paper presented the compensation characteristics for the wideband IMD components of the FFPA. The
analytical results indicated that the FFPA compensates for the wideband IMD components when the compensation level
for the IMD components is reduced. The fabricated FFPA achieved the bandwidths of 160 MHz and 120 MHz when
compensating for the IMD components for LTE signals with the bandwidths of 5 MHz and 20 MHz, respectively, when
the output power is 40 dBm and the ACLR is -45 dBc. The minimum ACLR level in the LTE test signal with the 20MHz bandwidth was deteriorated by 8 dB from that for the LTE test signal with the 5-MHz bandwidth. The FFPA
provides the wideband IMD components compensation performance in the 3.5-GHz band. From the experimental and
numerical results, the feed-forward technique is a worthwhile wideband linearization technique and is an alternative
approach against DPDL techniques. There still remain technical issues such as reducing the power consumption when
compensating for the wideband IMD components.
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