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Theoretical and Experimental Study of Amplifier
Linearization Based on Harmonic and
Baseband Signal Injection Technique
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Abstract—This paper presents a novel linearization scheme
for RF amplifiers based on simultaneous harmonic and base-
band signal injection. In this method, second-order frequency
components generated by predistortion circuits are fed to the
input of the main amplifier to mix with the fundamental signal
for third-order intermodulation distortion (IMD) cancellation.
A general and rigorous analytical formulation of baseband,
harmonic, and the proposed injection techniques is presented,
and from these derived expressions, the optimum conditions
for IMD suppression are developed. The result also reveals the
practical limitation of the proposed method subject to gain and
phase error associated with the RF and baseband circuitry. For
comparison purposes, an amplifying system is constructed for
the experimental investigation of second-order signal injection
approach. Both two-tone and digitally modulated waveforms are
employed in these measurements.

Index Terms—Amplifiers, baseband, harmonic, linearization.

I. INTRODUCTION

RECENT exploration in wireless applications puts further
stress on the utilization of spectral efficient modulation

scheme so as to accommodate more traffic in a limited band-
width. Digital modulation is usually achieved through pulse-
shaping technique which results in a time-varying waveform
envelope. When this signal is fed to the RF power amplifier,
intermodulation distortion is generated which gives rise to in-
terfering signals in adjacent channels. In addition, this same
phenomenon causes in-band interference and increased bit error
rate. Out-of-band emission is caused by the saturation and phase
distortion in RF amplifiers. In recent years, there has been a big
resurgence of interest in the design of ultralinear power ampli-
fiers for digital communication applications. Various lineariza-
tion techniques have been proposed such as feedforward [1] and
predistortion [2] that offer different degrees of performance at
the expense of circuit complexity. Moreover, predistortion may
be divided into baseband and RF schemes. Baseband predistor-
tion focuses on the shaping of the waveform prior to up-conver-
sion by using a lookup table or digital signal processor (DSP).
On the other hand, RF predistortion uses analog circuitry to gen-
erate a nonlinear transfer characteristic, which is the reverse of
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Fig. 1. General model of second-order signal injection system.

the amplifier’s transfer characteristics in both magnitude and
phase.

Recently, several methods based on the second-order signal
injection have also been reported [3]–[6]. Intermodulation
distortion (IMD) suppression is achieved by exploiting the
second-order nonlinearity and second-order distortion signal
at either the second-harmonic or baseband (difference) fre-
quencies. Compared to the feedforward approach, this method
tends to be simple and low cost. However, the second-harmonic
approach requires both precise gain and phase adjustment for
the perfect cancellation of the distorted signal, whereas the
baseband method only gives limited IMD suppression (to be
discussed in Section II).

This paper presents a new scheme for RF amplifier lineariza-
tion based on simultaneous harmonic and baseband signal injec-
tion. This method is very stable, has no reduction in amplifier
gain, and no need for precise phase adjustment. In Section II
of this paper, the basic principle of second-order signal injec-
tion method is formulated by using the Volterra-series theory.
Analysis shows the optimum conditions for the suppression of
third-order intermodulation. In Section III, the effects of gain
and phase error associated with the RF and baseband circuitry
on the IMD suppression capability of the proposed method is
addressed. Finally, the measured two-tone and vector signal test
performances of an experimental amplifying system are shown
for comparison.

II. M ETHOD OFANALYSIS

Fig. 1 shows the general circuit model of the amplifying
system under consideration. The amplifier is assumed to
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operate in the mildly nonlinear region in which the fifth- and
higher order mixing products are negligibly small.

Active devices that are widely used in the design of RF ampli-
fiers are FET and bipolar transistors. The circuit models of these
devices may contain a number of parasitic components as well
as nonlinear elements such as nonlinear gate-to-source capac-
itance, nonlinear base-to-emitter junction resistance, nonlinear
drain current source, etc. In the Volterra-series analysis, the non-
linear characteristics of these elements are usually represented
by a Taylor series expansion. For example, the nonlinear drain
and gate current sources of a MESFET may be expressed as

(1a)

(1b)

where and ( 1, 2, 3) are bias-dependent coefficients.
To a first approximation, the Volterra series is truncated beyond
the third-order term in the usual manner. Third-order mixing fre-
quency component can be produced from the second-order (
and ) and third-order ( and ) nonlinearities. If the input
source is assumed to consist of signal components at angular
frequencies , , , and , the output voltage at

is, thus, given by

(2)

where is the th order Volterra transfer function of the
system [7]; and , and are the voltage gain and
phase shift associated with the baseband and RF paths, respec-
tively. Note that the second-order signal interacts with the fun-
damental via the second-order nonlinearity of the amplifier to
generate new components appearing at . In fact, a pre-
distortion circuit is used to produce these second-order signals
from the original inputs at and . Subsequently, these in-
jection signals can be written as

(3)

(4)

where denotes the second-order nonlinear transfer func-
tion of the predistortion circuit. Hence, the third-order IMD
component may be expressed as

where

(5)

Similarly, the third-order IMD signal at is given
by

where

(6)

By assuming that and , (5) and (6) can be
simplified as

where

Consequently, we have

(7)

where . Inspection of (7) indicates that the distortion
component ( ) may be suppressed, with appropriate choices
of the amplifier gains ( and ) and phase angle ().
Related studies of second-order techniques using either the RF
or difference-frequency injection have been reported elsewhere
[3]–[6].

Case A: No Injection

In the absence of both baseband and RF injection (
), (7) can be written as

(8)

This IMD value is used as a reference level for comparison in
the following cases.

Case B: Baseband Injection Only

From a practical point of view, it is simpler to use baseband
rather than harmonic signal, which is at a substantially higher
frequency. If we let , expression (7) becomes

(9)

The optimum condition for minimizing is

(10)
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and the corresponding IMD output can be evaluated by

(11)

where and are, respectively, the IMD suppres-
sion factor and the normalized baseband signal gain required.
These results suggest that only the in-phase component of the
distortion signal may be eliminated and, hence, only partial can-
cellation of IMD is possible with the low-frequency injection
approach. The amount of residual IMD ( ) depends on var-
ious parameters including the device’s nonlinearities, parasitic
components, and embedded circuit impedance levels. It is also
clear from (7) that is real with either zero or 180phase
value and, therefore, only a constant gain amplifier is required to
maintain low distortion output. In this approach, the phase shift
associated with the low-frequency responses of the circuitry at

is the major limiting factor for broadband opera-
tion.

Case C: Harmonic Injection Only

The harmonic method may be obtained by setting in
(7), and the resulting expression for third-order intermodulation
is given by

For optimum cancellation of the distortion signal, the following
conditions should be satisfied:

(12)

(13)

It can be shown that the gain and phase of the RF
path must be controlled to within a fraction of a decibel and a
few degrees in order to attain maximum IMD reduction.

Case D: Harmonic and Baseband Injection

In the conventional harmonic injection method, the degree of
achievable distortion cancellation is limited by the accuracy of
the gain and phase shift introduced by the feeding networks. In
the presence of both second-harmonic and baseband injection
signals, it is possible to optimally suppress the third-order IMD
by adjusting the gains of the amplifiers only, wherebecomes
an arbitrary constant. And according to (7), we have

or

The optimum conditions for perfect IMD cancellation can,
therefore, be derived as

(14)

(15)

Fig. 2. Vector representation of (7).

Fig. 3. Variation of normalized signal gain required as a function of�.

The above expressions indicate that the distorted signal can be
completely suppressed, provided that and . As de-
picted in Fig. 2, the combination of the two subvectors may be
used to cancel out the distortion component , by control-
ling the values of and at any arbitrary value (but
phase reversal might be required). Fig. 3 shows the variation of
the normalized signal gains and as a func-
tion of phase angle. In practice, if minimal RF signal gain is
required, the two subvectors should be placed in phase quadra-
ture ( ). The corresponding values of and

are simply equal to and , respectively.

III. EFFECTS OFGAIN AND PHASE ERROR

Some work has been done to see how sensitive this method
is to changes in circuit parameters associated with the RF and
baseband signal paths.

A. Effect of Gain Error

If the gain errors associated with the RF and baseband
paths are denoted as and , respectively, the
corresponding output IMD signal may, therefore, be derived as
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Fig. 4. Experimental setup.

In the worst case, the above expression can be written as

(16)

Inspection of (16) indicates that the distortion signal is mini-
mized by setting , which leads to

Furthermore, it should be noted that, for the harmonic injection
approach, the performance degradation due to gain mismatch
is given by . In practice,
and, therefore, the IMD performance of the proposed method is
relatively less sensitive to the gain error of the RF path.

B. Effect of Low-Frequency Phase Shift

When the difference frequency becomes large under broad-
band operation, (5) and (6) indicate that the signal components
at and are a complex conjugate pair. Because of
this, the IMD signal at and cannot be totally
suppressed by the proposed method. Mathematically, this effect
can be modeled as

where denotes the phase shift introduced by the low-frequency
circuitry at , and for , we have

(17)

If the baseband injection method is adopted instead, the residual
IMD levels are then given by

for

(18)

for

(19)

The results shown in (17)–(19) suggest that the proposed
method is more capable for broadband operation. In practice,
the effect of may be minimized by using either a baseband
amplifier with a large gain-bandwidth product or phase com-
pensation network.

IV. EXPERIMENTS AND DISCUSSIONS

The test setup for the IMD measurement is given in
Fig. 4. The one-stage MESFET amplifier under test is a
common-source configuration with input and output impedance
matching networks. The transistor used is an Infineon Tech-
nologies CFY30. The main amplifier is designed to have two
RF input ports: one for the fundamental and the other for the
second-harmonic injection. High isolation between the two
ports is achieved by using harmonic filters. Some filtering is
also incorporated into the drain circuit to reduce the harmonic
signal from reaching the output. Moreover, baseband signal is
injected into the circuit through the gate-biasing network.
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Fig. 5. Measured gain and IM characteristics of the amplifier before
linearization.

Fig. 6. Two-tone test of the amplifier (output power= 6.5 dBm).

The predistortion circuit is constructed using MESFET de-
vice, operating near pinchoff, for the generation of the second-
order frequency components. The harmonic signal path consists
of a preamplifier, a variable attenuator, and a high-gain am-
plifier. A variable phase shifter is inserted into the harmonic
path for phase adjustment. The baseband circuit consists of a
low-pass filter, a tunable gain amplifier, and an inverter. For
the two-tone test, signals centered at about 2.1 GHz with a fre-
quency spacing of 100 kHz are used. For the vector modu-
lated signal measurement, 384-kb/s differential quadrature
phase-shift keying (DQPSK) with random data is employed.
Fig. 5 shows the plots of the measured third-order IMD and gain
characteristics of the experimental amplifier, in the absence of
any second-order signal injection. The module is found to ex-
hibit a small-signal gain of about 10 dB and an output power of
approximately 9.5 dBm at 1-dB gain compression point.

A. Two-Tone and Vector Signal Test Performance

The output frequency spectrum of the main amplifier, mea-
sured at an output power of 6.5 dBm, is shown in Fig. 6 for il-
lustration. The gain levels of the RF and baseband paths are ad-
justed for minimum third-order IMD level. Improvement factor

Fig. 7. Vector signal test of the amplifier (average output power= 11 dBm).

Fig. 8. Measured RF and baseband signal strength versus�.

for the proposed scheme is about 30 dB and this value is limited
by the noise floor of the measuring equipment and by the reso-
lution of the variable attenuator used. Similar results were also
observed for different values. In Fig. 7, the performance of
the proposed technique, the baseband injection technique, and
the harmonic injection technique are compared. It is clear that,
for the proposed technique, a reduction factor of, respectively,
25 and 8 dB was achieved for the first and second side-lobe
power levels. In contrast, the conventional baseband injection
technique ( ) shows an IMD suppression factor of only
6 dB. Moreover, Fig. 8 shows the plot of the measured harmonic
and baseband signal level required as a function of.

B. IMD Suppression Versus Output Power Level

In most linearization systems, adaptive control circuitry is
usually required to maintain a low-distortion output as the
input power level varies. Fig. 9 shows the measured third-order
IMD level as a function of output power for the three injection
methods under consideration. The performance of each scheme
is optimized for minimum third-order IMD at an output power
of 7.5 dBm. The results indicate that a substantial amount
of IMD reduction ( 20 dB) is achieved with the proposed
method over a wide range of output power level. Note that
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Fig. 9. Measured third-order IMD level as a function of output power.

Fig. 10. Measured output spectrum of a medium-power amplifier (average
output power= 21 dBm).

under small input signal condition, the IMD level is limited
only by the dynamic range of the measuring equipment. It is
also observed that the IMD performance deteriorates as the
output power increases toward the 1-dB compression point.
This phenomenon is believed to be due to the higher order
mixing effect that has not been included above. Besides, for
a strongly nonlinear case, reduction of the higher order IMD
such as IM5 is indeed important [8].

Finally, Fig. 10 shows the measured output spectrum of an-
other 2.1-GHz experimental amplifier module, operating at an
average output power of 21 dBm. More than 20-dB suppression
of IMD level is observed in this case. In principle, this technique
can also be applied to high power devices as long as the ampli-
fier is not operating too close to saturation.

V. CONCLUSIONS

A novel and effective approach to amplifier linearization by
second-order signal injection has been described. Unlike the

conventional second-harmonic injection method, no precise
control of the amplitude and phase angle of the injected RF
signal is required by the new scheme. The analysis also indi-
cates that a 270phase shift () in the RF path is optimal for
minimizing the effect of gain error on the IMD performance of
the proposed method. Furthermore, it is shown experimentally
that a large IMD reduction factor can be achieved with the
proposed method over a wide output dynamic range.
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