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Improvement of Third-Order Intermodulation Product
of RF and Microwave Amplifiers by Injection
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Djuradi Budimir, Member, IEEE, and Fazal Ali, Fellow, IEEE

Abstract—This paper discusses the improvement in the
third-order intermodulation product (IM3) performance ob-
tainable from RF and microwave amplifiers by two alternative
injection techniques. The first is the addition to the amplifier
input of the second harmonics of the input spectrum and the
second is the addition to the amplifier input of the difference
frequencies between the spectral components of the input signal.
Both techniques are considered in theory, by simulation and in
practice. Both techniques give useful improvements in two-tone
IM3 performance. The second harmonic technique reduced the
IM3 level by 43 dB in an amplifier at 835 MHz. The difference-fre-
quency technique gave a reduction of 48 dB in an amplifier at
880 MHz. The difference-frequency technique also gives a greater
improvement for complex spectra signals.

Index Terms—Intermodulation, intermodulation distortion, mi-
crowave power amplifiers, radio-frequency amplifiers.

I. INTRODUCTION

RECENT developments in communication systems require
that RF and microwave amplifiers shall have an excel-

lent linearity performance. This parameter is often specified in
terms of intermodulation levels, usually the third. In band, the
carrier level C, and third-order intermodulation product (IM3)
level I, give the carrier to intermodulation ratio (C/I), or in ad-
jacent channels, the adjacent channel power ratio (ACPR). It is
also desirable for amplifiers, particularly power amplifiers, to
be of high efficiency and this requires large voltage and current
swings. These militate against low intermodulation levels. Thus,
it is usually necessary to use special techniques to improve the
intermodulation behavior of a power amplifier at a given output
power while maintaining an acceptable power-added efficiency.
The traditional techniques, which have been used for this pur-
pose, are feedback, predistortion, and feedforward [1].

The technique that is the subject of this paper is different from
the above in that an improvement in the amplifier IM3 is ob-
tained by using the nonlinearity of the amplifier itself to generate
a second pair of IM3 products and arranging that the second pair
are of appropriate amplitude and phase for cancellation with the
first set to occur [2]. The technique is applied in either of two
different forms. The second harmonic of the input spectrum can

Manuscript received February 25, 2000; revised February 12, 2001.
C. S. Aitchison and M. Mbabele are with the School of Electronic Engi-

neering, Information Technology and Mathematics, University of Surrey, Guild-
ford GU2 7XH, U.K.

M. R. Moazzam is with Siemens Information and Communication Mobile,
San Diego, CA 92127 USA.

D. Budimir is with the Department of Electronic Systems, University of West-
minster, London W1M 8JS, U.K.

F. Ali is with Nokia Mobile Phones, San Diego, CA 92131 USA.
Publisher Item Identifier S 0018-9480(01)04434-9.

be applied to the amplifier input, together with the signal to be
amplified [2]. Alternatively, the frequency difference between a
set of equally spaced input tones can be applied to the ampli-
fier input, together with the signal to be amplified [3]. Details
are given below of the theory, simulation predictions, and bench
experiments.

II. THEORY

The analysis below assumes a weakly nonlinear amplifier with
a MESFET active device. We assume that the amplifier nonlin-
earity can be expressed in terms of a power series connecting the
drain current to the gate voltage by the expression

(1)

If the input voltage consists of two tones given by the expression

(2)

then the usual analysis yields the expression

(3)

for the IM3 product at the frequency and a similar
expression for the IM3 product at frequency .

If we now add to the amplifier input voltage components at
the second harmonic of the two input frequencies, we can write

(4)

where the harmonic frequencies have amplitudes and phases
and , respectively. The expression for the IM3

drain current at the frequency is then given by

(5)

when other small terms are neglected.
A similar expression is obtained for the IM3 product of the

drain current at . Inspection of (5) shows that the ap-
propriate choice of and results in a net zero IM3 drain
current component at . Similarly, the appropriate
and removes IM3 at . Thus, the addition of the
second harmonics of the two input tones of appropriate ampli-
tude and phase into the amplifier together with the original tones
results in elimination, in principle, of IM3 components in the
drain current.

0018–9480/01$10.00 © 2001 IEEE
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Fig. 1. Amplifier configuration used to simulate IM3 performance with and
without the addition of second harmonic frequencies.

Alternatively, a signal of amplitude and phase at the
difference frequency can be injected into the amplifier
together with the original two-tone input to give

(6)

The IM3 component of drain current at is then given
by

(7)

with a similar expression for the frequency . Again,
appropriate choice of and results in a zero IM3 drain
current at the frequency .

Thus, there are two similar techniques which should lead, in
principle, to a reduction in the IM3 product in the drain current
of the MESFET amplifier. The following sections consider both
the simulated performance using both of these techniques and
the practical results that have been obtained on the bench with
the techniques.

III. SIMULATION

The intermodulation performance of the second harmonic in-
jection technique has been simulated using the circuit shown
in Fig. 1 using both LIBRA and MDS. This shows two fre-
quency generators at and and second harmonic genera-
tors at and , which feed the amplifier input circuit cen-
tered on 2.50 GHz. A nonresonant input circuit is provided at
the gate in the form of a single-stage artificial transmission line,
correctly terminated. The drain is resonated at the output fre-
quency and a variable resistive load is provided. The Curtice
cubic model 3 for the amplifier FET has been used. Fig. 2 shows
the predicted IM3 spectral output from the amplifier with an
input of two tones of equal amplitude at 2.50 and 2.51 GHz. Ad-
dition of the two second harmonics of these two tones with op-

Fig. 2. Two-tone output spectrum without second harmonic injection.

Fig. 3. Two-tone output spectrum with optimized second harmonic injection.

Fig. 4. Fundamental signals and IM3 distortion products of 2.50-GHz
amplifier as function of input power for two-tone input without injection of
second harmonics.

timized amplitudes and phases gives the simulated performance
shown in Fig. 3 and demonstrates that IM3 has been reduced
by 32 dB at 2.50 GHz and 40 dB at 2.51 GHz without change
in the fundamental output level. Figs. 4 and 5 show the corre-
sponding IM3 and fundamental output levels as a function of
input power, illustrating an improvement in IM3 of 30 dB (Note
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Fig. 5. Fundamental signals and IM3 distortion products of 2.50-GHz
amplifier as function of input power for two-tone input with injection of second
harmonics.

Fig. 6. Three-tone output spectrum without second harmonic injection.

that the IM3 right-hand scale is 30 dB/div, whereas the funda-
mental left-hand scale is 10 dB/div). The amplitude and phase of
the second harmonics are optimized for each input power level
in accordance with (5), illustrating the agreement between sim-
ulation and theory until the onset of significant nonlinearity. The
simulated improvement in IM3 is in agreement with the theory
outlined above for an input signal consisting of two tones with
the addition of their second harmonics.

In general, the input signal to a communication amplifier is
not restricted to two sinusoids, as in the two-tone intermodu-
lation test, and it is, therefore, of interest to consider a more
complicated input spectrum. A convenient spectrum consists
of three tones of identical amplitude. Analysis of this situation
shows that the IM3 products can now arise through two sepa-
rate routes. The first, described as the first kind, are of the form

, etc. and the second are of the form
, etc., which are described as

the second kind.
The same simulation procedure as for the two-tone input

signal has been used for the three-tone input signal at frequen-
cies and with second harmonics at and

Fig. 7. Three-tone output spectrum with optimized second harmonic injection.

Fig. 8. Two-tone output spectrum with optimized difference-frequency
injection.

Fig. 9. IM3(2f �f ) output power level as function of difference-frequency
signal phase and amplitude.

. Fig. 6 shows the simulated spectrum of the drain current
for the 2.5-GHz amplifier with three input tones of equal
amplitudes with a small difference in the frequency separation
between the three tones so that the contribution of the two
kinds of IM3 can be distinguished. The simulator was then
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Fig. 10. Three-tone output spectrum with optimized amplitude and phase of
difference frequencies.

Fig. 11. Difference-frequency extraction experimental arrangement.

used to optimize the amplitudes and phase of the three second
harmonics, and the consequent output spectrum is shown in
Fig. 7. This illustrates that the second harmonic technique has
reduced the first kind of IM3 product by about 38 dB, but has
failed to reduce the second kind of IM3 product. This result
confirms the analysis and suggests that the second harmonic
technique may be of restricted value as a means of reducing the
intermodulation level of an amplifier with a complicated input
spectrum.

We now move to the simulation of the difference frequency
technique. The configuration was similar to that of Fig. 1, ex-
cept that the injected signal is now at the difference frequency

provided by one generator at that frequency instead of
the two generators at and . The spectrum at the ampli-
fier output for the two-tone difference frequency injected at the
input is shown in Fig. 8. Comparison of this with Fig. 2 (no in-
jected signal) shows a reduction of 39 dB in IM3. This simulator
prediction is in agreement with the analysis of Section II. Fig. 9
is a three-dimensional plot of IM3 level as a function of both in-
jected phase and amplitude of the injected difference-frequency
signal for a fixed two-tone input signal level. This illustrates the

(a)

(b)

Fig. 12. Output spectrum of the HBT power amplifier at 28-dBm output: (a)
before and (b) after applying the second harmonic technique.

dependence of IM3 level reduction on the injected phase and
amplitude: for a 25-dB improvement, amplitude must be main-
tained to better than 0.5 dB and phase better than5 .

The simulator has also been used for the three-tone input with
the injection of the difference frequencies, and the output spec-
trum is shown in Fig. 10. This shows that both the first and
second kind of IM3 products have been reduced. Comparison
with Fig. 6 shows the reduction is close to 40 dB for each com-
ponent of the intermodulation distortion spectrum shown. This
result contrasts favorably with the second harmonic reduction
technique described above, which only reduced the first kind of
IM3 with a three-tone input.

IV. EXPERIMENTAL INVESTIGATION

The concepts analyzed and simulated, as described above,
have been experimentally investigated on the bench. The tech-
nique used to obtain the difference frequency is illustrated in
Fig. 11. The input signals are fed to a p-n detector diode through
a directional coupler and the remainder of the input signal is
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Fig. 13. Output spectrum of 28-dBm HBT 835-MHz amplifier modulated with
CDMA 1.23-MHz OQPSK without (upper curve) and with (lower curve) second
harmonic injection.

Fig. 14. Spectrum of 880-MHz amplifier output with and without the
difference-frequency injected signal showing an improvement in C/IM3 of 48
dB.

passed directly to the nonlinear amplifier. The difference fre-
quency, typically 1 MHz, is generated in the diode and passed
through a low-pass filter (LPF), variable phase shifter, and am-
plifier of variable gain before being injected into the nonlinear
amplifier input through a tee section. The variable phase shifter
and amplifier are used to adjust the phase and amplitude of the
injected difference-frequency signals. A very similar configura-
tion is used for the second harmonic frequency generator. Again,
a p-n diode is used to obtain the required second harmonic com-
ponents.

Ali et al. [4] have investigated the second harmonic tech-
nique using a heterojunction bipolar transistor (HBT) ampli-
fier at 835 MHz with an output power of 28 dBm. The original
output spectrum and improved spectrum are shown in Fig. 12
and show that IM3 has dropped by 43 dB using the technique.

(a)

(b)

Fig. 15. Two-tone response of 880-MHz amplifier without (upper) and with
(lower) injection of difference frequency showing IM3 improvement of 20 dB
and fifth-order intermodulation improvement of over 30 dB.

The output spectrum from the same 28-dBm power amplifier
with a 1.23-MHz channel bandwidth offset-QPSK code-divi-
sion multiple-access (CDMA) input is shown in Fig. 13 with and
without the injection of the second harmonic. An average im-
provement in ACPR of 6 dB for 30-kHz bandwidth at900 kHz
offset is obtained. A similar result has been obtained with a com-
mercially available FET amplifier at 880 MHz with two-tone
input and difference-frequency injection. The two spectra are
shown in Fig. 14 and illustrate an IM3 improvement of 48 dB to
give a C/I of 59 dB. Similarly, the bench behavior of an ampli-
fier has been examined at 880 MHz with a two-tone input with
the difference-frequency technique. The initial output spectrum
and the improved output spectrum are shown in Fig. 15, which
shows a reduction in IM3 by 20 dB and in fifth-order intermod-
ulation product (IM5) by over 30 dB.

The bench behavior of an amplifier at 880 MHz has also been
investigated with a three-tone input using the difference-fre-
quency technique. Fig. 16 shows the spectrum both with and
without the injection of the difference frequency. An improve-
ment of 17 dB in IM3 is obtained. An earlier paper by Moazzam
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Fig. 16. Three-tone response of 880-MHz amplifier without (upper) and with
(lower) injection of difference frequency showing IM3 improvement of 17 dB.

and Aitchison [5] suggested that the second harmonic signal
required for the second harmonic technique could be obtained
from the drain and fed back through a bandpass filter (BPF) and,
after adjustment of phase and amplitude, could be injected into
the gate to produce the same beneficial reduction in IM3, as de-
scribed above. Jinget al.[6] have recently applied this technique
to a two-stage amplifier at 1.8 GHz. The input to the ampli-
fier was a -DQPSK signal. The spectral regrowth was mea-
sured with and without the injected second harmonic. Addition
of the second harmonic at the correct phase and amplitude gave
a 15-dB reduction in ACPR. Joshinet al.[7] also used this tech-
niques for wide-band CDMA at 1.95 GHz with an HBT power
amplifier and obtained a 7-dB reduction in ACPR for a chip rate
of 4.096 Mcps with a 5-MHz offset at 27-dBm power output.

More recently, Yang and Kim [8] have applied the fre-
quency-difference technique to a 2.15-GHz FET amplifier in
which the difference frequency is fed forward to the drain at the

correct level to produce IM3 reduction. The technique produced
an 18-dB improvement in a two-tone IM3 measurement and an
improvement of 10 dB in ACPR with a CDMA signal. Jenkins
and Khanifor [9] have also used the difference-frequency tech-
nique with an input of four sinusoids to a 1.8-GHz amplifier
with a 1-dB gain compression output of 35 dBm. The average
improvement in IM3 was 17.3 dB.

V. CONCLUSIONS

In this paper, it has been shown that the intermodulation per-
formance of an amplifier can be improved by the addition of
the second harmonic of the input signal or the difference fre-
quencies between the spectral components of the input signal
to the amplifier input. Theory, simulation, and practice support
this conclusion. The difference-frequency technique is superior
to the second harmonic technique since both the first and the
second kind of intermodulation products are reduced, whereas
the second harmonic technique reduces only the first kind.

Practical results using a two-tone input with the second har-
monic technique show a reduction in IM3 by 43 dB and a corre-
sponding improvement in ACPR of 6 dB in an 835-MHz HBT
amplifier. In a MESFET amplifier at 880 MHz, a 48-dB im-
provement was obtained. However, with a more complex input
signal, the benefit is less impressive because only intermodula-
tion products of the first kind are reduced by second harmonic
injection.

The difference-frequency technique reduced the third- and
fifth-order intermodulation products by 20 and 30 dB, respec-
tively, in a MESFET amplifier at 880 MHz. These practical re-
sults are in general agreement with simulation results.
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