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Abstract - A novel linearisation technique for
reduction in the third-order intermodulation
distortion products, with the injection of the
second harmonics through a feedback loop of
a power amplifier was applied in this paper.
The power amplifier including the feedback
loop components (band pass filter, phase
shifter, attenuvator) was designed as a hybrid
microwave integrated circwit by using program
Libra. The adjustable parameters are the phase
and amplitude of the loop signals. Therefore, a
voltage that controls a phase shift of the phase
shifter and a control current of a PIN diode in
the attenuator circuit were optimised to obtain
a reduction in the third-order intermodulation
distortion. The achievable improvement was
found to be 28 dB for the case of two funda-
mental signals at the power amplifier input.

I. INTRODUCTION

In multicarrier communications systems, the in-
termodulation distortion (IMD) products, espe-
cially the third-order (IMD3), represent the most
serious problem. Many different techniques for
IMD reduction can be found in literature such as
predistortion, feedforward, feedback and combina-
tion of them [1-2]. However, the application of
these techniques requires the circuitry that may be
complex, expensive and large in size, as well as
limits the usage of active device full capability. In a
novel technique for reducing the IMD product lev-
cls [3,4], thc sccond harmonics of the input sig-
nals arc fed together with the fundamental signals
to the amplifier input. The injection of the differ-
ence frequency between the fundamental signals is
another way to reduce IMD product levels [5].
Both approaches of a novel technique satisfy the
reduction of IMD product levels without affecting
the fundamental signal power levels. Additionally,
the required circuitry is simple, inexpensive and
small in size. But, a novel technique based on dif-
ference frequency injection is unsuitable for practi-
cal applications because a feedback loop must
have a sufficient bandwidth to yicld the distortion
improvement over a range of carriers’ spacing
used.
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This work extends previous analyses of a multi-
carricr amplification. The effects of the injection of
carrier second harmonics on the intermodulation
in a microwave power amplifier were investigated.
The published results preceding this paper were
based on two ways for the injection of the second
harmonic signals. In one approach the second har-
monics were led to the amplifier input across the
feedback loop which components (band pass filter,
phasc shifter, attenuator and isolator) were mod-
cled by ideal elements from the library of commer-
cial programs such as Libra or MDS. In the other,
instead of feeding back the second harmonics,
they were generated and injected into the ampli-
fier input together with fundamental signals in the
simulations as well as in the experiments. In our
work, sccond harmonics are extracted from a non-
lincar power amplifier output, and returned to the
amplifier input through the feedback loop whose
components (band pass filter, phase shifter and
attenuator), in contrast to above mentioned ap-
proaches, were designed for the application in a
hybrid MIC of power amplifier. Simulation and de-
sign of a single stage power amplifier as well as
the feedback loop components were performed by
the microwave circuit simulator Libra. The lack of
appropriate clement in Libra library limits the jso-
lator design, and an ideal library element was used
for this component.

II. ANALYSIS

The proposed technique uses the amplifier non-
lincar characteristic to generate a second third-
order IMD signal that is used to cancel the origi-
nal third-order IMD product at the output.

An expression for the nondinearity of the active
device (MESFET) is represented by a three term
Taylors series connecting the input voltage, Vin
with the output current, 74 and the transconduc-
tance, gm regarded as the dominant non-linearity:
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Fig. 1. - Power amplifier with the second harmonics feedback loop

Second harmonics are the products of amplifier
non- lincarity. So, the sccond harmonic products
generated at the output are led trough feedback
loop to the input of power amplifier.

A two-tone injection of the fundamental signals
at the frequencies w1 and w2 with amplitudes Ay
and A,2 respectively, together with their second
" harmonics at the frequencies 2w1 and 2wz with
amplitudes A2w1 and A2.2 and phases ¢201 and
$202 can be expressed as:

=4 1cos(mlt)+A , cos(m 21.‘)
4, cos(im N |)+A2 , cos20 1+, z) )

Interaction between the source signals and their
second harmonics is the results of amplifier non-
linearity, too. Substituting equation (2) into equa-
tion (1), all the relevant frequency components at
the output of the amplifier can be obtained. For
the IMD3 product at the frequency (2w2-w1), the
following expression is valid:

=%A23A 1gm3 COS(Z(D zt'—(l)]l.‘)
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Only interaction between fundamental signals
causes the components of the third-order IMD
products, (the first term in (3)). The result of in-
teraction between the fundamental signals and sec-
ond harmonics are the additional signals at the
output of the amplifier at the third-order IMD fre-
quencies, (the second and third terms in (3)).
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Fig. 2. - Input matching circuit

Thercfore, by a proper sclection of phase and
amplitude of the seccond harmonics, it is possiblc
to make the third-order IMD products produced
by the second harmonics out of the phase and
equal in the amplitude with the original third-
order product. Similar conditions are found for
the cancellation of the other IMD3 component at
frequency (2wi-w2).

III. POWER AMPLIFIER WITH
FEEDBACK LOOP COMPONENTS

The power amplifier circuit with feedback loop
is presented in Fig. 1. A design was applied on the
substrate characterised by following parameters
gr=4.3, H=0.635 mm, t=0.004 mm. In power am-
plifier simulation NEC MESFET from Libra library
denoted as NE710 was used.

An input matching circuit was designed as a bi-
sected m matching scection regarding that input
equivalent transistor circuit is treated as a shunt
capacitance in series with a low resistance.

In order to obtain circuit suitable for realization
in microstrip technique as shown in Fig. 1, Rich-
ards transformation and Kurods identities were
used. Input matching was performed to obtain the
satisfactory input reflection coefficient and an un-
conditionally stable operation of MESFET.

The concept of output matching circuit shown in
Fig. 1, was applied to give the highest output
power of fundamental signals and the lowest
power of IMD3 signals as well as to attain as much
as possible less discrepancies between IMD3
power levels.

The influence of the transistor biasing circuits
was included into analyses. Whole power amplifier
circuit was analyzed with m(.luded effects of mi-
crostrip discontinuitics.

With the aim to select only the second harmonic
signals at the output of the power amplifier, the
first component in the feedback loop must be a
bandpass filter. The bandpass filter that can be
conveniently fabricated in microstrip is the
capacitive-gap coupled resonator filter [6] designed
at 5.3 GHz centre frequency with 20% bandwidth
and 0.5 dB equal-ripple response, with 3 sections.
This type of bandpass filters is suitable for applica-
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Fig. 3. - Phase shifter

tion as the feedback loop component of the power
amplifier, because its input impedance characteris-
tics is such that there is no influence to the com-
plete amplifier characteristics at the frequencies
out of filter bandpass. :

The filter is designed with much wider band-
width than the extraction of the second harmonics
really requires because of the bandpass filter phase
characteristic. Namely, the slop of this parameter,
in terms of frequency, decreases considerably with
wider bandpass range and smaller number of filter
sections. Such characteristic is nceded so that
smaller differences between the phases of the sec-
ond harmonics may be achieved.

Neglecting this resistance, the equivalent capaci-
tance was cxtended by Lg2 (Lg = SOZCgs) as
shown in Fig. 2, forming constant k T section
known in a filter design. Therefore, bisected 7
matching section with m=0.6 can be connected at
both sides of & T section for broadband matching,
Fig 2.

A 360° rcﬂcc.txon-typc analog phase shifter with a
single 90° branchdine coupler [7] was designed.
The phase shifter circuit is shown in Fig. 3. The
phase shift in this phase shifter is produced by re-
flecting the incident wave from a varactor diode
whose capacitance varies according to the bias
voltage. The symmetric impedance variation over
the whole voltage control range is produced by a
shorted microstrip line connected in series with
the varactor. A reflection load proposed in [7],
consisting of two varactors in series with a shorted
stub and separated by quarturwavu microstrip line
is used to achieve the full 360° phase shift with an
acceptable insertion loss. As insertion loss strongly
depends on impedance Z; (Fig. 3), its appropriate
value to the reflection load is provided by the im-
pedance transformer. The direct and the coupled
ports of 90° branch-line coupler are connected to

%bias
C=100 pF
11 P

i
input 2Ry
pand I - Ec=0.24 pF 3

YYYVY

!

o—i-- - C=024pF 2
output ? 2R,
Il
1]
C=100 pF
bias
Fig. 4. - Variable attenuator

two sets of impedance transformer and reflection
load. GaAs hypcrabrupt tuning varactor typc MA-
46553 was used for simulation. Varying the con-
trolled voltage between 2 and 20 V, a full phase
shift of 360" is achicved at the fxcqucnc:cs of the
fundamental signal second harmonics.

PIN diode attenuator shown in Fig. 4 accom-
plishcs an appropriate attenuation of the sccond
harmonics. For simulation purposes, HP packaged
PIN diode 5082-3001 for hybrid MIC attenuators
was used. Changing a diode forward current from
0.01 to 100 mA, the resistance of the intrinsic re-
gion of the diode is varied, providing the control
of attenuation with the bias point. A capacitance in
series with the forward biased diode was chosen
that, together with the reactance of the diode, rep-
resents a resonant circuit at the design frequency
of the attenuator. The input and output of the
attenuator are input and isolated ports of the cou-
pler selected to be 3 dB Lange- coupler in order
to attain better performance over wider frequency
range. Simulated results show that the attenuation
controlled by the bias current varies from 0.8-
18.5dB.

Returned signals of the second harmonics are
combined with fundamental input signals over
Vilkinsons combiner, Fig. 1.

IV. NUMERICAIL. RESULTS

The chosen frequencies of two main input fun-
damental signals are 2.5 GHz and 2.51 GHz and
their input power levels are 2 dBm. In the CAD
simulation, non-linear Curtices cubic model was
used for MESFET modeling. Input reflection coeffi-
cient less than 10 dB was achieved by proposed
input matching circuit (Fig. 1) in frequency range
2-9 GHz. The values of Ly, L;, Cp and transformer
impedance, Fig. 1, were changed by using optimi-
sation facility of program Libra in order to accom-
plish desired performance of fundamental signals
output power of approximately 3 dBm and the
lowest power of third order IMD signals of
57dBm.

The realtiv phase shift characteristics of the
phase shifter over the frequency range 5-5.2 GHz
for the control voltage values of 4, 9, 14 and 20 V,
denoted as PHR- control voltage, arc shown in Fig.
5. The attenuation characteristics of variable
attenuator in the same frequency range, that relate
to PIN diode intrinsic resistance of 1, 25, 100 and
10000 Q) are represented in Fig. 6, with an appro-
priate denotation ATEN-resistance value. Regarding
the results shown in Fig. 5, it can be seen almost
constant relative phase shift characteristics over the
frequency range 5-5.2 GHz. Fig. 6 shows a slight
deviation of about 1 dB in aticnuation over the
same frequency range for 0.8-6 dB attenuation and
almost constant characteristics for higher values of
attenuation.

The spectrum for the bias point Vge=-0.4 V and
V4s=3 V, obtained at the amplifier output without
applying our technique is shown in Fig. 7a). It in-
cludes fundamental signals and the third-order
IMD products at 2.49 GHz and 2.52 GHz. When
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Fig. 5 - Relativ phase shift of reflection type

phase shifter

the second harmonics were returned from the out-
put to the input of the power amplifier, CAD opti-
misation was used to find the right phase and am-
plitude of these signals in order to reduce the
IMD3 products by keeping the fundamental signal
power levels constant. The spectrum obtained after
simulation ‘are shown in Fig. 7b).

The results obtained during analyses show that a
maximum reduction of approximately 40 dB of
cach IMD3 product can be obtained separately
without reduction of the fundamental signals. The
values of the phase shift and attenuation at which
maximum reduction is obtained, do not coincide.
The second harmonic spectral components must
have the approximately the same power level, so
that all of them can be controlled within a fraction

Fig. 7. - The simulated fundamental powers
and third-order IMD * powers
a) Before employing the technique;
b) After employing the technique.

Fig. 6 - Attenuation of variable atteniator

of dB in amplitude and of a few degrees in phasc
in order to attain maximum reduction in IMD3
products. On the other hand, it is difficult to ob-
tain a maximum reduction in all IMD3 products
with the same value of amplitude and phase ad-
justment due to; these products have slightly dif-
ferent amplitudes and phases. The results shown
in Fig. 7 refer to the compromise between the
maximum reductions in each IMD3 signal obtained
scparately, yiclding 28 dB improvements in both.
These results were achieved with phase shift of
215.4° and attenuation of 09 dB.

V. CONCLUSION

In order to reduce the third-order intermodula-
tion products of power amplifier, a novel lincarisa-
tion technique was applied. The second harmonics
of the fundamental signals were injected through
the feedback loop of power amplifier. The pro-
posed technique uses the amplifier non-linear
characteristic to generate a second third-order IMD
signal that is used to cancel the original third-
order IMD product at the output. The ecarlier pub-
lished results referring to the same novel tech-
nique approach are based on the power amplifier
simulation for the ideal feedback loop clements.
In this paper, the feedback loop components
(band pass filter, phase shifter, attenuator) as well
as a single stage amplifier circuit were designed as
a hybrid microwave integrated circuit in a mi-
crostrip technique by using program Libra. Adjust-
ing the phase and amplitude of the loop signals
the reduction obtained in third-order intermodula-
tion distortion products are 28 dB in both, for
fundamental signals at 2.5 and 2.51 GHz. Simu-
lated results referring to the designed phase shifter
and variable attenuator show almost constant char-
acteristics of the relative phase shift and attenua-
tion over frequency range 5-5.2 GHz. Such charac-
teristics provide reduction in third-order IMD3

~ products of wide spaced carriers.
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