From June 2009 High Frequency Electronics
Copyright © 2009 Summit Technical Media, LLC

High Frequency Design

LINEARIZATION METHODS

Linearity Improvement
Techniques for Wireless
Transmitters: Part 2
By Andrei Grebennikov
Bell Labs Ireland

This two-part article
presents a wide range of
techniques for amplifier
linearization, along with
historical notes to help us
appreciate the creative
work in their development

Reflect Forward
Linearization Amplifier

modulation components. The input reflected
composite signal containing the fundamental
and intermodulation components is used as a
correcting signal for the lower power amplifier. This correcting signal, when properly
amplified and phased in the reflected path,
cancels the output intermodulation distortions produced by the lower power amplifier
when it is combined with the input signal
flowing through the forward path. The booster
amplifier in a lower path is necessary to
equalize the drive signal levels for both upper
and lower power amplifiers. In this case, the
signals from the upper and lower amplifying
paths have the in-phase fundamental and outof-phase intermodulation components at the
corresponding inputs of the output in-phase
combiner, thus resulting in a distortion cancellation in the combined signal flowing into
the load. The LDMOS RFAL amplifier with
output power of 43 dBm achieves an improvement of the third-order intermodulation products by over 15 dB and a total efficiency of
more than 20% over the frequency range from

The reflect forward
adaptive
linearizer
(RFAL) technique uses
the input reflected signal
from one power amplifier
to develop an intermodulation-correcting signal
forwarded to the input of the other power
amplifier which are connected in parallel or
balanced configuration [23, 24]. Figure 6
shows a block diagram of the RFAL amplifier
which includes the two identical power amplifiers, a low-distortion booster amplifier, forward and reflected paths with two directional
couplers at the input, and delay line and inphase combiner at the output. With the RFAL
technique, the power combining efficiency of
the two power amplifiers approaches that of
the conventional parallel power amplifier configuration, while the intermodulation products can be improved from 20 to 30 dBc at the
center bandwidth frequency.
The basic principle of RFAL
operation can be described as follows: when the two-tone forward
fundamental signal is reflected
from the transistor input of upper
power amplifier, the resulting
reflected two-tone fundamental signal is out-of-phase relative to the
input forward signal and is inphase relative to the output signal.
In this case, the intermodulation
components appeared at the upper
power amplifier input as a result of
its active device nonlinearity are in- Figure 6 · Block schematic of reflect forward linearizaphase relative to the output inter- tion amplifier.
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865 to 895 MHz [25]. For very high cancellation requirements over wide temperature and drive conditions an
adaptive feedback network can be used to monitor the relative amplitude and phase at the outputs of the power
amplifiers and drive the voltage variable attenuators and
phase shifters to maintain the optimum conditions.

Predistortion Linearization
To achieve simultaneous high-efficiency and low-distortion operating conditions of the power amplifier when
the linearity requirements are not extremely high, it is
possible to use a predistortion linearizer, which provides
the positive amplitude and negative phase deviations for
input RF signal to compensate for the active device nonlinearity. This is possible since nonlinear behavior (when
a power amplifier is operated close to saturation) usually
represents the opposite behavior of its amplitude and
phase characteristics. Historically, the initial idea to compensate for the third-order intermodulation products
arising in vacuum-tube amplifier was to use the linearization scheme where a nonlinear amplifier having a
compressing characteristic is followed by a nonlinear element having an expanding characteristic and producing
the third-order distortion of opposite sign to that of the
amplifier [26]. The block diagram of the linearized power
amplifier system with a predistortion linearizer with
indication of the appropriate amplitude and phase dependences at each stage of the system is shown in Figure 7,
where a variable attenuator for adjusting the amplitude
level of the input signal is also included. At microwaves, a
linearized power amplifier usually includes two isolators
for stable operation conditions. The conventional predistortion linearizer circuits generally use either diodes or
transistors as sources of intermodulation [27, 28].
As an interesting fact, as early as the beginning of
the1920s, it was claimed that, by using similar vacuum
tubes in both stages of a two-stage power amplifier with
similar signals at their inputs, the even harmonics generated by the first amplification are neutralized by the even
harmonics generated by the second amplification because
they are similar in amplitude and opposite in phase at the
output of the second vacuum tube [29]. Indeed, as it turned
out with regard to modern transistor power amplifiers
using GaAs pHEMT devices, it is enough to choose a proper bias point for a driver-stage device in a two-stage amplifier to provide a negative phase deviation to compensate for
the positive phase deviation of the final stage [30]. In this
case, the quiescent current of the driver-stage device,
whose size is three times smaller than that of a final-stage
device, is sufficiently small. As a result, for a quiescent current equal to 1.25% of the device DC saturated current, an
improvement of more than 5 dB in ACLR of a whole highefficiency two-stage cellular-phone WCDMA power amplifier operating at 1.95 GHz can be achieved at backoff out46
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Figure 7 · Block diagram of power amplifier with predistortion linearizer.

Figure 8 · Simple diode-based predistortion linearizers.

put powers close to the saturation power.
Figure 8(a) shows the schematic of a simple diode linearizer composed of a series Schottky diode and a parallel capacitor with two RF chokes for DC feed and two
blocking capacitors, which provides positive amplitude
and negative phase deviations when input power increases [31]. The equivalent circuit of the series diode is shown
in Figure 8(b), where R is the diode equivalent resistance
and Cj is the junction capacitance. With the increase of an
incident input signal power, the forward diode current
increases that leads to the decrease of the diode resistance R. In this case, the positive amplitude and negative
phase deviations can be achieved under low forward-bias
conditions when the diode current ranges from 0.1 to
1.0 mA, and, in the latter case, the phase deviation can
reach a value of –30°. Applying such a linearizer to a
1.9 GHz MMIC power amplifier with saturated power of
22.5 dBm, an improvement of adjacent channel power
ratio (ACPR) of 5 dB can be achieved for the QPSK modulated signal when output powers are less than 15 dBm.
A similar improvement of ACPR can be achieved by
using a linearizer based on a parallel Schottky diode with
the bias feed resistor Rb, which is shown in Figure 8(c)
[32]. With the increase of input power, the bias point of a
diode changes due to the voltage drop across the resistor
Rb caused in turn by the increased diode forward current.

Figure 10 · Block diagrams of power amplifier linearizers with input power splitting.

Figure 9 · Transistor-based linearizers.

As a result, due to the decreased diode resistance R, the
linearizer achieves positive gain and negative phase deviations. By applying such a linearizer to a 2.7 GHz power
amplifier, a maximum improvement of 5 dB was achieved
for low quiescent current conditions at output power of
34 dBm.
Positive amplitude deviation with negative phase
deviation can also be achieved using a series-feedback
GaAs MESFET amplifier with a large source inductance
Ls, a block diagram of which (including matching circuits)
is shown in Figure 9(a) [33]. The required amplitude and
phase deviations are due to nonlinearities of the device
transconductance gm, gate-source capacitance Cgs, and
differential drain-source resistance Rds. For the device
with a gate width of 1.2 mm, a nonlinearity of gm contributes to the positive amplitude deviation when Ls = 20
nH. At the same time, nonlinearities of both gm and Rds
contribute to the negative phase deviation when Ls ≥ 3
nH. A nonlinearity of Cgs has a negligibly small effect on
both the amplitude and phase deviations. As a result, for
a linearizer with Ls = 16 nH at an operating frequency of
1.9 GHz, the positive amplitude and negative phase deviations were obtained across the input power dynamic
range from 5 to 18 dBm, with amplitude deviation of 2.5
dB and phase deviation of 30° at 18 dBm input power. The
GaAs MESFET device was biased in Class AB mode with
a drain-source supply voltage of 2 V providing a quiescent
current of 78 mA. By applying this linearizing technique
to a 1.9 GHz MMIC power amplifier with 1-dB compressed power of 17 dBm, an improvement of ACPR up to
7 dB was achieved for a π/4-shifted QPSK signal.
As an alternative, it is also possible to achieve positive

amplitude and negative phase deviations using a sourcegrounded MESFET device with zero drain-source supply
voltage [34]. The schematic diagram of such a linearizer
is shown in Figure 9(b). In this case, for the device with a
gate width of 240 mm at the saturation power of 20 mW
under the gate bias condition of Vg = –0.4 V, the 3-dB
increased power gain and of about 30-degree negative
phase were achieved using the varying drain-source resistance. Because of its simplicity, such a linearizer can operate from 2 to 12 GHz with good thermal stability. When it
was implemented into a 50 W solid-state power amplifier
system at operating frequency of 7 GHz, the system noise
power ratio was improved over 15-dB dynamic range, in
particular by 2 dB at the 3-dB output power backoff point.
A more advanced configuration of the predistortion
linearizer is based on the splitting of the input signal into
nonlinear and linear paths using a directional coupler or
a hybrid divider with subsequent subtraction of the
resulting signals in the output coupler-subtracter. The
block diagram of such a predistortion linearizer which
employs two power amplifiers in a balanced configuration
using two 90-degree hybrids is shown in Figure 10(a) [28].
In this case, the upper power amplifier is operated in a
linear Class A mode while the lower power amplifier is
biased in a nonlinear Class AB or B mode to generate the
proper intermodulation products by controlling the input
power and device bias conditions. The phase shifter in a
lower amplifying path is necessary to optimize the level of
the fundamental components in the resulting output
spectrum. Since both devices present approximately the
same input impedances, a low input return loss is provided because the most of the reflected power flows into the
isolated port. Figure 10(b) shows the practical microwave
microstrip implementation of a two-path predistortion
linearizer with an input 90-degree branch-line hybrid
June 2009
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Figure 12 · Power amplifier module with feedforward
predistortion linearizer.

Figure 11 · Power amplifier module with linearizer.
Figure 13 · Digital predistortion system.
coupler, a nonlinear power amplifier in a lower path and
an output directional coupler [35]. The microstrip transmission line in a lower amplifying path having a required
electrical length compensates for the additional phase
shift provided by the active device, whereas the required
amplitude conditions are realized with the coupling coefficient of an output coupler-subtracter to be chosen. As a
result, for a Ku-band multicarrier 4.5-W power amplifier,
the phase deviation of a 12-dBm signal at the linearizer
output up to –10° was achieved with a 22-dBm signal at
the linearizer input.
Figure 11(a) shows the modified three-path predistortion linearizer structure, where a balanced configuration
with a nonlinear power amplifier is adjusted for suppression of the fundamental components with the resulting
error signal. Then, the amplitude-adjusted and properly
phased error signal is amplified by an error amplifier and
added to the linear component in the upper path which is
a delayed portion of the input signal. However, it is very
difficult to match the nonlinear characteristics of the predistorter and the main power amplifier, because generally they differ both in size and number of stages, which can
only result in less than 10 dB improvement of adjacent
channel leakage power ratio (ACLR) at 5 MHz offset from
the center bandwidth frequency [36]. Therefore, it is very
important for further linearity improvement to use similar devices in the predistorter and in the main power
amplifier with a preferred balanced structure. As an
example, the block schematic of a power amplifier module
which includes a three-path predistortion linearizer and
a main power amplifier based on four power amplifiers
configured into a balanced structure is shown in Fig.
11(b). In this case, when the same transistors are used
48
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both in the linearizer and main balanced power amplifier
operated in Class AB mode, a 12-15 dB improvement of
ACLR for the signal with peak-to-average ratio (PAR) of
6.5 can be achieved, depending on how close the device
operation mode is to saturation.
The concept of a feedforward loop with its high cancellation performance can be used for a predistortion linearizer implementation. Since the feedforward loop is
placed in front of the main amplifier, the linearity and
power requirements of the error amplifier are reduced
significantly compared to the conventional feedforward
system. In this case, the delay-line and coupler losses are
less significant factors affecting the amplifier performance. Figure 12 shows the simplified schematic diagram
of a power amplifier module with the feedforward distortion linearization using five identical power amplifiers
based on MRF5S21090 LDMOS devices [37]. For a forward-link four-carrier WCDMA signal at 2.35 GHz, the
ACLR was enhanced by about 7 dB at 5 MHz offset and
the total efficiency of 12.7% was achieved at an average
output power of 47.8 dBm, backed-off by 10.8 dB from the
total peak power of 720 W.
Figure 13 shows the block schematic of a digital predistortion linearizer where the predistortion algorithm is
based on an initially measured PA amplitude-to-amplitude modulation (AM-AM) and amplitude-to-phase modulation (AM-PM) response extracted from the S-parameter
measurements by a vector network analyzer (VNA) [38].
The amplitude and phase characteristics are interpolated
using splines, which are continuous piecewise cubic functions with continuous first and second derivatives. The

interpolated amplitude and phase characteristics are then
used to compute the appropriate predistortion coefficients
representing a lookup table which are multiplied with the
original IS-95 signal to generate the desired predistorted
baseband signal. The results show the limitations of this
technique when the LDMOSFET power amplifier operation conditions are close to saturation, only a little more
than 6-dB improvement in ACPR can be achieved.
Generally, an adaptive correction mechanism is required
to maintain the performance over varying load, supply
voltage, or temperature conditions. This means that the
lookup table needs to be updated continuously to keep differences between the source signal and the transmitted
signal sufficiently small. This can be realized by downconverting the portion of the transmitted signal and comparing it with source signal. In this case, it is important to
provide the optimization of the wordlengths required in
different parts of the predistortion linearizer to reduce
power consumption and increase bandwidth for the
required adjacent channel interference level [39]. The
feedback complexity can be reduced with special adaptation algorithm when a single mixer and ADC are used in
the feedback path instead of the full quadrature demodulation [40]. In addition, a non-iterative adaptation method
can be used to eliminate the convergence constrains usual
for iterative methods [41].

Feedback Linearization
The principle of feedback linearization of the power
amplifier at the carrier frequency was invented by Harold
S. Black in 1927. A year later he filed the patent application on a vacuum-tube feedback amplifier [42]. Black recognized that by using a large amount of feedback in an
amplifier comprising several vacuum-tube stages in cascade to yield a very high open-loop gain gives a glorious
opportunity to make a negative feedback amplifier having
increased bandwidth, and which is insensitive to nonlinearity and uncertainty in the characteristics of the vacuum tube [43]. The gain of the negative feedback amplifier
decreases by amount of the feedback or loop gain; so do
the nonlinear components. In this case, the negative feedback amplifier becomes insensitive to the gain or phase
variations as long as its stability conditions are satisfied.
In the latter case, if each of three tuned circuits of a threestage vacuum-tube RF feedback amplifier can be
assumed to have the phase-gain characteristics of the
interstage circuits very nearly to infinite Q-tuned circuits, the maximum amount of feedback will allow a
phase margin of 30° from a total phase shift of 180° [44].
Unfortunately, the significance of this invention, as well
as the operation principle of a negative feedback amplifier, was not fully understood at that time. For instance,
Black’s director of research insisted that a negative feedback amplifier would never work, similarly the Patent

Figure 14 ·
schematic.

Negative feedback power amplifier

Office initially did not believe it would work and took over
nine years to decide to issue the patent [45]. Even today,
Black’s pioneering role for further achievements in feedback theory and practice is not well known.
The basic structure of a negative feedback amplifier at
microwave frequencies is shown in Figure 14(a) where the
power amplifier, bandpass filter (BPF) and feedback loop
elements are chosen to provide a loop transmission
greater than one with a phase shift of 180° within the
operating bandwidth [46]. In this case, the BPF must be a
single tuned resonator, so that the phase shift introduced
will be less than 90°. By using a 50-dB gain power amplifier, an improvement of the third-order intermodulation
components by 10 dB (from –30 dBc down to –40 dBc) at
midband frequency of 2 GHz with the power gain of the
closed loop system of about 34 dB and output power of 33
dBm was achieved [47]. It should be mentioned that the
feedback power amplifier designed to operate at 835 MHz
in communication system can provide a distortion
improvement of 10 dB at saturated region, if the feedback
gain of at least 20 dB is achieved [48]. Although, a feedback gain of 10 dB results in approximately 10-dB
improvement in adjacent channel leakage power at 3 dB
power backoff from saturation. In contrast, for the simple
resistive feedback single-stage power amplifier, the level of
the third-order IMD components at 2 GHz can be reduced
by about 5 dB for the medium-signal levels only [49].
Figure 14(b) shows the circuit schematic of the twostage power amplifier designed for a 3.4-4.2 GHz frequency bandwidth [50]. The output power of 27 dBm was
achieved by using a power MESFET device with a gate
length of 0.5 mm in the second stage. Loop gain was
adjusted by changing the coupling in the output direcJune 2009
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are reduced due to effect of the feedback factor both at
the fundamental and at the intermodulation frequencies when a reduction is equal to the loop gain in the
latter case [52]. This means that, if the fundamentals
were removed from the feedback loop, there would still
be a reduction of the intermodulation products due to
the feedback at the intermodulation frequencies with
unaffected amplifier gain. In this case, the feedback signal is coupled from the output of the power amplifier,
properly attenuated and phase shifted to form the error
Figure 15 · Power amplifier module with feedback-feed- signal with cancelled fundamental by combining with a
forward linearization.
lower portion of undistorted input signal. The resulting
error signal is then amplified, scaled in the amplitude
and phase, and finally combined with a delayed upper
portion of the undistorted signal to form the composite
signal at the amplifier input with out-of-phased distortion products required to cancel the intermodulation
products at the amplifier output. The stability analysis
shows that, for narrow-band amplifiers with minimum
loop delay, the reduction of third-order intermodulation
products can exceed 20 dB [51].
The feedback linearization technique can also be
Figure 16 · Power amplifier with feedback predistortion implemented reversely to a feedforward scheme, as
linearization.
shown in Figure 16, where the linearizing circuit consists of the feedback, canceling and feeding blocks [53].
At the canceling block, the amplitude-corrected and
tional coupler, whereas a phase shift of 180° in the feed- phase-shifted feedback signal is combined with the samback path at midband was obtained using a microstrip pled input signal to form the error signal, which is then
line with the proper electrical length. The predicted open- amplified and added with proper amplitude and phase to
loop gain was 19 dB at 3.7 GHz, decreasing to 13 dB at the input undistorted signal within the feeding block. As
the upper bandwidth frequency. The shunt resistor at the a result, for a 38-dB main amplifier gain, the cancellation
input of the first MESFET device is necessary to improve of the third-order intermodulation products from –22 to
the input return loss. As a result, for the closed-loop con- –42 dBc were achieved at the output power P1dB = 27
figuration, an improvement of the third-order intermodu- dBm and operating frequency of 1.85 GHz. However, the
lation components of 7 to 9 dB over a 750 MHz bandwidth critical problems of this analog feedback predistortion
at –3 dB power backoff with a power gain of about 10 dB scheme are the bandwidth limitation caused by the loop
delay and an oscillation tendency caused by the feedback
and an input return loss of more than 10 dB.
To improve the gain capability of the negative feed- nature. By employing a digital lookup table (LUT) techback amplifier, it is possible to combine its simplicity with nique, these limitations can be overcome, while maintaina feedforward technique to provide a separate path for ing the advantages of the feedback circuit [54]. As a
the error signal only. Figure 15 shows the schematic of the result, the distortion is corrected in a digital domain and
power amplifier module with a feedback-feedforward lin- further enhanced by the feedback linearization. In this
earization when the intermodulation distortion products case, the structure of a digital feedback linearizer is the
at the main PA input (symbolically plotted as out-of- same as the analog feedback counterpart, except that the
phase) should be phased in a way that they cancel the feedback signal in the cancellation loop constructs a LUT
intermodulation distortion products at its output. This in the digital domain, and the gain factors of the signal
modified negative feedback circuit can provide a reduc- canceling and feedback paths are adjusted by the DSP
tion in the intermodulation distortion products equal to instead of using the variable attenuators and phase
the traditional negative feedback topology without the shifters. The predistortion signal is extracted directly
usual reduction in overall amplifier gain [51]. According from the LUT, which has been updated using the error
to the intermodulation distortion analysis based on signal extracted at the signal cancellation loop beforeVolterra series, the reduction of the power amplifier lin- hand. Thus, the time delay through the loop is eliminatear gain is dependent on the feedback at the fundamental ed, and the bandwidth limitation does not exist anymore.
only, while the third-order intermodulation components At the same time, the oscillation tendency of the feedback
50
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Figure 17 · Block diagrams of power amplifier with
adaptive predistortion.

circuit can be suppressed easily by digital control of the
feedback loop parameters. Compared to the conventional
digital predistortion technique, less number of iterations
is required for convergence with simpler algorithm.
The envelope-feedback linearization is a simple and
popular technique to improve the distortion associated
with the amplitude nonlinearity of the power amplifier
[44, 55]. The basis of this technique, shown in Figure
17(a), is to compare the envelopes of the input and output
signals, and to control the instantaneous gain of the
power amplifier so as to minimize the difference between
them. In this case, the RF input and output signals are
sampled by the corresponding input and output couplers
and then each fed to the proper input of the differential
amplifier. The difference signal, representing the error
between the input and output envelopes, is used to drive
a variable gain amplifier to modify the envelope of the
input signal which drives the power amplifier. The linearization effect depends on the nonlinearity of the detectors, especially at low signal levels, the bandwidth, time
delay and phase-gain characteristic of the feedback loop
and the sensitivity of the variable gain amplifier.
Therefore, where the AM-AM distortion is dominant, the
two-tone intermodulation products are typically reduced
by up to 10 dB. To provide a significant improvement in
the nonlinear distortion cancellation, both RF feedback
and envelope feedback methods can be combined [44].
Figure 17(b) shows the envelope-feedback power
amplifier module with a digital adaptive predistortion
developed for CDMA handset application in a frequency
range of 887-925 MHz [56]. The block diagram of the
power amplifier module includes additionally a SAW fil-

ter, a phase-controlling block and a CMOS integrated circuit incorporating two look-up tables to linearize AM-AM
and AM-PM characteristics. The variable gain amplifier
is based on a dual-gate MOSFET to linearize AM-AM
characteristic, which can easily vary the power gain by
controlling its second-gate bias voltage in a range of more
than 10 dB. In the phase-controlling block, a varactor
diode was used with the phase range of more than 10°. By
producing appropriate AM-PM predistortion data including phase characteristics of the dual-gate MOSFET and
the following PA block, the total AM-PM can be linearized. Because the variations of phase with supply voltage and temperature according to the measurement
results were insignificant, it was enough to use the lookup
table with modified initial data to minimize phase variations versus input power that were predictable in
advance. To linearize AM-AM characteristic, the adaptive
predistortion was used by modifying the data in look-up
table during linearization process. It was found that the
allowable time delay must be less than 40 ns for CDMA
signal. As a result, by using a digital adaptive predistortion mechanism for only AM-AM characteristic, the PAE
was increased up to 48% for the output power of 27.5 dBm
and ACPR of –49 dBc. The CMOS integrated circuit,
whose size is 2.5 × 2.5 mm2, consumed of about 15 mA.
The AM-AM linearization can also be achieved by
dynamically varying the gate bias voltage of the finalstage transistor. In such an adaptive double-envelope
feedback two-stage MESFET power amplifier the gain
variations are detected directly while the phase variations are detected through a 90° branch-line coupler [57].
This is possible since, when the gate goes more negative,
the MESFET is closer to pinch-off and its gain is reduced.
On the other hand, as the gate goes more positive, the
MESFET will approach Class A, where its gain is maximal. The dynamic bias on the gate of the device resulted
in a 1 dB increase in P1dB which improved the PAE by 5%.
To overcome the limitation of the envelope-feedback
technique to correct for AM-PM distortion, the polar-loop
technique can be used where a phased-lock loop is added
to the envelope feedback system resulting in a polar-loop
feedback [58]. However, the key disadvantage of a polar
feedback occurs in the generally different bandwidths
required for the amplitude and phase feedback paths, as
well as locking capability of the phased-lock loop is limited at low signal level in the presence of interference coupled to the transmitter output from antenna that leads to
a poorer overall performance. The Cartesian-feedback
technique can solve at some extent the problems associated with the wide bandwidth of the signal phase by applying modulation feedback in the in-phase (I) and quadrature (Q) Cartesian baseband components. Figure 18(a)
shows the basic block diagram of the Cartesian loop transmitter with two identical feedback loops for I and Q chanJune 2009
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loop delay mismatch becomes increasingly detrimental to
the convergence of LUT adaptation algorithm. In this
case, the analog Cartesian feedback, which is separated
from LUT, can be used only for LUT training, thus resulting in the energy-efficient and low-complexity adaptive
linearization [63]. Then, after the completion of LUT
training, the analog Cartesian is turned off so that openloop predistortion is performed using a compact
Cartesian LUT to linearize wideband signals. The renewal of the LUT can happen without interrupting ongoing
communication because the LUT training needs a millisecond and most communication protocols implement
enough buffering for an error control method such as
automatic repeat request. How often the LUT would need
a renewal depends on PA characteristics and the environmental conditions.
[Part 1 of this series appeared in the May 2009 issue,
and is available in the Archives section of our Web site:
www.highfrequencyelectronics.com —Editor]
Figure 18 · Digital predistortion system.
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nels [12, 59]. In this case, the sampled output signal is
quadrature downconverted and demodulated to Cartesian
co-ordinate signals, amplified and then subtracted from
the corresponding input signals to form a distorted error
signal which is complementary to the distortion signal at
the PA output after being filtered and upconverted. The
amount of the distortion reduction is equal to the loop gain
and is high inside the passband of the loop filters. The
phase shifter is necessary to control the phase delays
which cause rotation of the signal constellation. The bandwidth of the Cartesian components is narrower than that
of the RF signal, however errors in the feedback loop are
not corrected and feedback components must be as linear
as the desired loop linearity. The Cartesian feedback can
be used to linearize multicarrier power amplifiers, improving output spectrum by 10-30 dB [60].
Further linearity improvement can be achieved by
using a combined Cartesian loop and adaptive baseband
predistortion linearization techniques using DSP, as
shown in Fig. 18(b) [61]. Adaptive predistortion provides
a continuous adjusting of the loop time delays and updating of the predistorter lookup table with information of
the PA nonlinearity, which changes with supply voltage,
temperature, load voltage standing wave ratio (VSWR),
output power, and other environmental effects. For example, by using the predistorter implemented in DSP with 5
bit effective resolution digital-to-analog converters at its
output and optimized using a direct search algorithm, a
further 11 dB reduction of the third-order intermodulation components was achieved when a predistorted component was added to the error signal [62]. However, as the
bandwidth of transmitting signal gets wider, the feedback
52

High Frequency Electronics

Andrei Grebennikov received the MSc degree in electronics from Moscow Institute of Physics and Technology,
and the Ph.D. degree in radio engineering from Moscow
Technical University of Communications and Informatics.
He can be reached by e-mail at: grandrei@ ieee.org

References
1. H. S. Black, “Translating System,” U.S. Patent 1,686,792, Oct.
1928.
2. W. D. Lewis, “Self-Correcting Amplifier,” U.S. Patent 2,592,716,
Apr. 1952.
3. H. Seidel, “Feed-Forward Amplifier,” U.S. Patent 3,471,798,
Oct. 1969.
4. H. Seidel, “A Feedforward Experiment Applied to an L-4
Carrier System Amplifier,” IEEE Trans. Commun. Technol., vol.
COM-19, pp. 320-325, June 1971.
5. H. Seidel, “A Microwave Feedforward Experiment,” Bell
System Tech. J., vol. 50, pp. 2879-2916, Nov. 1971.
6. R. G. Meyer, R. Eschenbach, and W. M. Edgerley, “A Wide-Band
Feedforward Amplifier,” IEEE J. Solid-State Circuits, vol. SC-9, pp.
422-428, Dec. 1974.
7. C.-C. Hsieh and S.-P. Chan, “A Feedforward S-Band MIC
Amplifier System,” IEEE J. Solid-State Circuits, vol. SC-11, pp. 271278, Apr. 1976.
8. R. J. Wilkinson and P. B. Kenington, “Specification of Error
Amplifiers for Use in Feedforward Transmitters,” IEE Proc.-G, vol.
139, pp. 447-480, Aug. 1992.
9. S.-G. Kang and I.-K. Lee, “Cancellation Performance of a
Linearisation Loop of a Feedforward Amplifier,” Electronics Lett., vol.
33, pp. 444-446, March 1997.
10. K. Konstantinou and D. K. Paul, “Analysis and Design of
Broadband High Efficiency Feedforward Amplifiers,” 1996 IEEE
MTT-S Int. Microwave Symp. Dig., vol. 2, pp. 867-870.
11. P. B. Kenington, “Efficiency of Feedforward Amplifiers,” IEEE
Proc.-G, vol. 139, pp. 591-593, Oct. 1992.
12. P. B. Kenington, High Linearity RF Amplifier Design, Boston:
Artech House, 2000.
13. E. E. Eid, F. M. Ghannouchi, and F. Beauregard, “Optimal
Feedforward Linearization System Design,” Microwave J., vol. 38,
pp. 78-86, Nov. 1995.
14. H. Choi, Y. Jeong, J. S. Kenney, and C. D. Kim, “Cross
Cancellation Technique Employing an Error Amplifier,” IEEE

Microwave and Wireless Comp. Lett., vol. 18, pp. 488-490, July 2008.
15. R. M. Bauman, “Adaptive Feed-Forward System,” U.S. Patent
4,389,618, June 1983.
16. B. Shi, W. Shan, and L. Sundstrom, “An Analog Adaptive
Feedforward Amplifier Linearizer,” Proc. 34th European Microwave
Conf., pp. 1065-1068, 2004.
17. S. J. Grant, J. K. Cavers, and P. A. Goud, “A DSP Controlled
Adaptive Feedforward Amplifier Linearizer,” 5th IEEE Int. Conf.
Record. Universal Personal Commun., pp. 788-792, 1996.
18. S. G. Randall, J. G. McRory, and R. H. Johnston, “Broadband
DSP Based Feedforward Amplifier Linearizer,” Electronics Lett., vol.
38, pp. 1470-1471, Nov. 2002.
19. W. W. Macalpine, “Distortionless Transmission System,” U.S.
Patent 2,043,587, June 1936.
20. P. O. Pedersen, “A Distortion-Free Amplifier,” Proc. IRE, vol.
28, pp. 59-66, Feb. 1940.
21. L. T. Mucenieks, C. S. Robertson, B. L. Irvine, and N. Salvador,
“RF Power Amplifier Linearization Using Parallel RF Power
Amplifiers Having Intermod-Complementing Predistortion Paths,”
U.S. Patent 6,111,462, Aug. 2000.
22. M. Billsberry, “Balanced Distortion Reduction Circuit,” U.S.
Patent 6,734,726, May 2004.
23. R. Gutierrez, “Reflect Forward Adaptive Linearizer
Amplifier,” U.S. Patent 6,573,793, June 2003.
24. R. Gutierrez, “The RFAL Technique for Cancellation of
Distortion in Power Amplifiers,” High Frequency Electronics, vol. 4,
pp. 18-28, June 2004.
25. R. Gutierrez, “High-Efficiency Linearized LDMOS Amplifiers
Utilize the RFAL Architecture,” High Frequency Electronics, vol. 6,
pp. 22-28, Feb. 2006.
26. E. Peterson, “Control of Distortion,” U.S. Patent 2,233,061,
Feb. 1941.
27. T. Nojima and T. Kohno, “Cuber Predistortion Linearizer for
Relay Equipment in 800 MHz Band Land Mobile Telephone
System,” IEEE Trans. Vehicular Technol., vol. VT-34, pp. 169-177,
Nov. 1985.
28. R. C. Tupynamba and E. Camargo, “MESFET Nonlinearities
Applied to Predistortion Linearizer Design,” 1992 IEEE MTT-S Int.
Microwave Symp. Dig., pp. 955-958.
29. H. S. Read, “Electric Circuits,” U.S. Patent 1,464,111, Aug.
1923.
30. Y. Ikeda, K. Mori, S. Shinjo, F. Kitabayashi, A. Ohta, T. Takagi,
and O. Ishida, “An L-Band High Efficiency and Low Distortion MultiStage Amplifier Using Self Phase Distortion Compensation Technique,” IEICE Trans. Electron., vol. E85-C, pp. 1967-1972, Dec. 2002.
31. K. Yamauchi, K. Mori, M. Nakayama, Y. Itoh, Y. Mitsui, and
O. Ishida, “A Novel Series Diode Linearizer for Mobile Radio Power
Amplifiers,” 1996 IEEE MTT-S Int. Microwave Symp. Dig., vol. 2, pp.
831-834.
32. K. Yamauchi, K. Mori, M. Nakayama, Y. Mitsui, and T.
Takagi, “A Microwave Miniaturized Linearizer Using a Parallel
Diode with a Bias Feed Resistance,” IEEE Trans. Microwave Theory
Tech., vol. MTT-45, pp. 2431-2435, Dec. 1997.
33. M. Nakayama, K. Mori, K. Yamauchi, Y. Itoh, and Y. Mitsui,
“An Amplitude and Phase Linearizing Technique for Linear Power
Amplifiers,” Microwave J., vol. 39, pp. 96-104, Mar. 1996.
34. S. Ogura, K. Seino, T. Ono, A. Kamikokura, and H. Hirose,
“Development of a Compact Broadband FET Linearizer for Satellite
Use,” 1997 IEEE MTT-S Int. Microw. Symp. Dig., vol. 3, pp. 1195-1198.
35. J. Boix, “Ku-Band Solid State Power Amplifiers for the New
European Satellites,” Proc. 23rd Eur. Microwave Conf., pp. 11-14, 1993.
36. J. Yi, Y. Yang, M. Park, W. Kang, and B. Kim, “Analog
Predistortion Linearizer for High-Power RF Amplifiers,” IEEE
Trans. Microwave Theory Tech., vol. 48, pp. 2709-2713, Dec. 2000.
37. I. Kim, J. Cha, S. Hong, Y. Y. Woo, J. Kim and B. Kim,
“Predistortion Power Amplifier for Base-Station Using a
Feedforward Loop Linearizer,” Proc. 36th Europ. Microwave Conf.,
pp. 141-144, 2006.
38. F. Zavosh, D. Runton, and C. Thron, “Digital Predistortion
Linearizes CDMA LDMOS Amps,” Microwaves & RF, vol. 39, pp. 5561, Mar. 2000.
39. L. Sundstrom, M. Faulkner, and M. Johansson, “Quantization
Analysis and Design of a Digital Predistortion Linearizer for RF

Power Amplifiers,” IEEE Trans. Vehicular Technol., vol. VT-45, pp.
707-719, Nov. 1996.
40. A. R. Mansell and A. Bateman, “Adaptive Predistortion with
Reduced Feedback Complexity,” Electronics Lett., vol. 32, pp. 11531154, June 1996.
41. N. Nascas and Y. Papananos, “A New Non-Iterative, Adaptive
Baseband Predistortion Method for High Power RF Amplifiers,”
2003 IEEE Circuits and Systems Symp. Dig., vol. I, pp. 413-416.
42. H. S. Black, “Wave Translation System,” U.S. Patent
2,003,282, June 1935 (filed Aug. 1923).
43. H. S. Black, “Stabilized Feed-Back Amplifiers,” Proc. IEEE,
vol. 87, pp. 379-385, Feb. 1999: reprinted from Electronic
Engineering, vol. 53, pp. 114-120, Jan. 1934.
44. W. B. Bruene, “Distortion Reducing Means for SingleSideband Transmitters,” Proc. IRE, vol. 44, pp. 1760-1765, Dec. 1956.
45. H. S. Black, “Inventing the Negative Feedback Amplifier,”
IEEE Spectrum, vol. 14, pp. 55-60, Dec. 1977.
46. H. A. Rosen and A. T. Owens, “Power Amplifier Linearity
Studies for SSB Transmissions,” IEEE Trans. Commun. Syst., vol.
CS-12, pp. 150-159, June 1964.
47. C.-C. Hsieh and E. Strid, “A S-Band High Power Feedback
Amplifier,” 1977 IEEE MTT-S Int. Microwave Symp. Dig., pp. 182-184.
48. K. Oosaki and Y. Akaiwa, “Nonlinearity Compensation of
Linear Power Amplifier for Mobile Communication,” 4th IEEE Int.
Conf. Record. Universal Personal Commun., pp. 302-305, 1995.
49. R. J. Gilmore, R. Kiehne, and F. J. Rosenbaum, “Circuit Design
to Reduce 3rd Order Intermodulation Distortion in FET Amplifiers,”
1985 IEEE MTT-S Int. Microwave Symp. Dig., pp. 413-416.
50. A. K. Ezzeddine, H.-L. Hung, and H. C. Huang, “An MMIC CBand FET Feedback Power Amplifier,” IEEE Trans. Microwave
Theory Tech., vol. MTT-38, pp. 350-357, Apr. 1990.
51. J. G. McRory and R. H. Johnston, “An RF Amplifier for Low
Intermodulation Distortion,” 1994 IEEE MTT-S Int. Microwave
Symp. Dig., pp. 1741-1744.
52. S. Narayanan, “Application of Volterra Series to Intermodulation Distortion Analysis of Transistor Feedback Amplifiers,” IEEE
Trans. Circuit Theory, vol. CT-17, pp. 518-527, Nov. 1970.
53. Y. Kim, Y. Yang, S. Kang, and B. Kim, “Linearization of 1.85
GHz Amplifier Using Feedback Predistortion Loop,” 1998 IEEE
MTT-S Int. Microwave Symp. Dig., pp. 1675-1678.
54. Y. Y. Woo, J. Kim, J. Yi, S. Hong, I. Kim, J. Moon, and B. Kim,
“Adaptive Digital Feedback Predistortion Technique for Linearizing
Power Amplifiers,” IEEE Trans. Microwave Theory Tech., vol. MTT55, pp. 932-940, May 2007.
55. T. Arthanayake and H. B. Wood, “Linear Amplification Using
Envelope Feedback,” Electronics Lett., vol. 7, pp. 145-146, Apr. 1971.
56. S. Kusunoki, K. Yamamoto, T. Hatsugai, H. Nagaoka, K.
Tagami, N. Tominaga, K. Osawa, K. Tanabe, S. Sakurai, and T. Iida,
“Power-Amplifier Module with Digital Adaptive Predistortion for
Cellular Phones,” IEEE Trans. Microwave Theory Tech., vol. MTT-50,
pp. 2979-2986, Dec. 2002.
57. J.-S. Cardinal and F. Ghannouchi, “A New Adaptive Double
Envelope Feedback (ADEF) Linearizer for Solid State Power
Amplifiers,” IEEE Trans. Microwave Theory Tech., vol. MTT-43, pp.
1508-1515, July 1995.
58. V. Petrovic and W. Gosling, “Polar-Loop Transmitter,”
Electronics Lett., vol. 15, pp. 286-288, May 1979.
59. V. Petrovic, “Reduction of Spurious Emission from Radio
Transmitters by Means of Modulation Feedback,” Proc. IEE Conf.
Radio Spectrum Conservation Techn., pp. 44-49, 1983.
60. M. Johansson and L. Sundstrom, “Linearisation of RF
Multicarrier Amplifiers Using Cartesian Feedback,” Electronics
Lett., vol. 30, pp. 1110-1112, July1994.
61. Y. Nagata, “Linear Amplification Technique for Digital
Mobile Communications,” Proc. 39th IEEE Vehicular Technol. Conf.,
pp. 159-164, 1989.
62. A. R. Mansell and A. Bateman, “Transmitter Linearisation
Using Composite Modulation Feedback,” Electronics Lett., vol. 32,
pp. 2120-2121, Nov.1996.
63. S. W. Chung, J. W. Holloway, and J. L. Dawson, “EnergyEfficient Digital Predistortion with Lookup Table Training Using
Analog Cartesian Feedback,” IEEE Trans. Microwave Theory Tech.,
vol. MTT-56, pp. 2248-2258, Oct. 2008.

June 2009

53

