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Abstract—This paper presents a hybrid linearization technique
for improving the performance of Class E radio frequency (RF)
power amplifiers (PAs). The method combines feedforward and
adaptive RF/digital predistortion to reduce nonlinear distortion
without a significant reduction in power-added efficiency (PAE).
The proposed approach achieves a reduction of 12.7% in
harmonic distortion at 1.22 GHz. Simulation results, carried out
using Agilent ADS, show improvements in third-order
intermodulation distortion (IMD3), input third-order intercept
point (IIP3), and output third-order intercept point (OIP3).
Comparative analysis demonstrates that this technique provides
superior linearity enhancement compared to conventional analog
predistortion. While the results are simulation-based, this work
highlights the trade-off between linearity and efficiency.

Index Terms—Power Amplifier (PA), Class E, Distortion,
Linearization, Feedforward, Power Added Efficiency (PAE),
Predistortion.

I. INTRODUCTION

ANALOG circuit designers have long been concerned with
analyzing and predicting the nonlinear behavior of
electronic circuits. The rise in popularity of portable
electronics, such as cell phones and cordless phones, has
emphasized the importance of addressing these issues. Today,
there is a growing requirement to anticipate and enhance the
distortion characteristics of various electronic circuit setups,
like gigahertz-frequency power amplifiers (PAs), which are
frequently influenced by nonlinear reactive factors [1].
Nevertheless, designers of radio frequency power amplifiers
(RFPAs) for contemporary wireless communication systems
encounter a challenging dilemma when dealing with these
critical issues [2]. The dilemma revolves around the fact that
even though wireless systems necessitate exceptionally linear
PAs, introducing linearity comes at the cost of decreasing their
power efficiency [3].

Efficiency is a sought-after quality in numerous wireless
systems since it minimizes the energy lost as heat, resulting in
cost savings and enhanced reliability. Improved efficiency in
mobile devices has the potential to extend battery life. In most
wireless devices, the RF power amplifier typically consumes a
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substantial portion of the overall power, making it worthwhile
to focus on achieving high efficiency in this component [4].

In wireless systems, highly linear power amplifiers are
required in the base station and repeaters [5]. The fundamental
concept of linearity in a communication system revolves around
its capacity to transmit data at the maximum achievable rate
without undergoing distortion [2]. Among all the categories of
power amplifiers, class E power amplifier operates with very
high-power efficiency but has nonlinear characteristics [6].

Therefore, the aim of this research work is to study the high
frequency power amplifiers and then device a novel technique
to reduce the distortion levels by a big margin so that the class
E PA can operate at a very high frequency with higher power
output and higher efficiency.

The remaining part of the paper is prepared in sequence as,
section II reviews literature papers on power amplifier design
and its linearity issues, section III describes working
methodology and simulation techniques, section IV presents
simulation results and explains the outcomes of this research
along with comparative study with the published data, and
finally, the section V concludes the papers with final remarks
and mentions future research directions.

II. LITERATURE REVIEW

The industry requirements for manufacturing radio
frequency power amplifiers (RF PAs) are good linearity and
higher power efficiency. It seems like a contradiction between
these two requisites [7]. However, these can be achieved if an
external circuit is employed with the power amplifier [8]. There
are several types of power amplifiers. In the RF regime, several
classes, like D, E, and F power amplifiers are used [2, 9]. The
chief characteristics of a class E power amplifier are higher
efficiency and larger distortions than the other amplifiers.
Researchers have proved that at least theoretically high
efficiency around 100 % may be achieved for class D, E, and F
power amplifiers [10]. However, linearity has become a key
issue in designing and characterizing an RF power amplifier.
However, with the advancement of modulation techniques, the
linearization of an amplifier is becoming easier [11].
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Many researchers have focused on creating more effective
power amplifiers using several methods. They proved that the
power efficiency of existing PAs may be upgraded at the
expense of the linearity of the amplifiers, which is not accepted
by industry people. As such, the current technique is to design
a moderately linear PA by adding an extra technique so that the
PA behaves linearly [12-14]. To boost efficiency, the power
amplifier needs to be operated near the saturation region to have
enhanced spectral efficiency in this region.

III. METHODOLOGY AND MODELING

The general structure of an adaptive feedforward linearizer
associated with an adaptive RF or digital predistorter is depicted
in Fig. 1. This configuration integrates a complex memory

technique. The RF predistorter is positioned within the signal
cancellation loop of the feedforward linearizer. It includes a
gain adjuster, which is complex and manages both the
amplitude and phase angle of the incoming signal. This
predistorter relies on a functional approach that interpolates the
inverse AM/AM and AM/PM nonlinearities of the PA. An
envelope detector is utilized to extract the incoming amplitude
modulation, which is then fed into the polynomial work
function. The predistorter coefficients are adapted employing
the error signal from the signal cancellation loop of the
feedforward linearizer. Embedding the RF predistorter within
the feedforward linearizer offers several benefits, including a
reduction in the intermodulation distortion (IMD) requirements
for the feedforward loop alone. This reduction decreases

polynomial-based adaptive RF or digital predistortion component sensitivities across the frequency range, ultimately
leading to an enhancement in the overall efficiency of the PA.
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Fig. 1. General architecture of feedforward linearizer combined with adaptive RF/digital predistorter.

A. Operations

Two-tone signals are used as input, and pilot tones are utilized
to fine-tune the coefficients in both loops of the system. A pilot
tone is inserted at the beginning of the feedforward linearizer
and monitored at the output of the signal cancellation loop. The
primary intention of the main pilot tone is to ensure efficient
minimization of the fundamental component in the signal. As a
result, the remaining signal mainly contains distortion caused
by the power amplifier (PA). Additionally, a second pilot tone
is introduced into the upper branch of the initial loop and
observed at the output of the feedforward linearizer. This
second pilot tone is intended to optimize the reduction of
distortion produced by the PA through the error cancellation
loop. An effective strategy for optimizing the coefficients is to
reduce the adjacent channel power at the error port [15].

When we expose the input to a two-tone signal, we examine
how the spectral response behaves at different points within the
RF predistorter integrated into the signal cancellation circuit, as
illustrated in Fig. 1. In this configuration, the lower section
incorporates an envelope detector to capture the amplitude
modulation of the RF signal input. At the same time, the upper
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section includes a delay element that compensates for the time
required for the work function. Once finely tuned, the complex
gain adjuster generates a pre-distorted signal to counteract the
nonlinear characteristics of the power amplifier. Ideally, the
intermodulation products should have the same amplitude, but
opposite phases compared to those generated as the two tones
traverse the power amplifier. Furthermore, a filter located in the
branch at the power amplifier's output monitors the interference
power in adjacent channels (ACPI), measures its level, and
transmits this data to the digital signal processor (DSP).
Subsequently, the DSP adjusts the work function parameters to
minimize ACPI [16-17].

The output of the RF predistorter is coupled, and the
fundamental two tones are attenuated to the level of the input
signal and combined with the output of the lower branch, where
the input signal is inverted by a phase angle of 180°, leaving
only the error signal. The error signal generated by the signal
cancellation circuit of feedforward linearizer is then fed to the
error cancellation circuit of the feedforward linearizer where
first the error signal is inverted again by a phase angle of 180°
by using complex gain adjuster and then amplifying it with an
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auxiliary amplifier to amplify the error signal to the similar state
of the error generated by the PA and finally combining this
signal with the RF predistortion output to remove the IMD
products as shown in Fig. 1.

B. Parameterization of Components and Simulation Controls

In this sub-section, the parameter defined for the components
and the parameter sweep and optimization declaration of certain
parameters are shown. In Fig. 2, it is shown that the values of
the variables are defined in a variable box available in the
Advanced Design System (ADS) software. We used two
variable boxes to define our variables. The first variable box
named VARI is used to define definite variables, and the
second variable box named VAR3 is used to define variables
that will undergo iteration for optimization.

Variables Values Variables Values
RFfreq 1.22 GHz | Alpha 5th -0.0
Delta 100 MHz | Beta 5th -0.0

Delta Pilot1 350 MHz | Alpha | 0:597
Delta Pilot2 -350 MHz | Alpha Q 0.141
Pavs 13dBm Beta | 0.639

P Pilot1 -50dBm | Beta Q 0.0000213
P Pilot2 -50dBm | Gamma | 0.250
Group Delay Env | 0.1 Gamma Q 0.069
Alpha 3rd -0.0 Group Delay Loop | 0.3415e-9
Beta 3rd 0.0

Fig. 2. Variables defined for the feedforward combined with RF/digital
predistortion linearization technique.

In VARI1, we have defined the values of RFfreq, Delta, Pavs,
Delta Pilotl, Delta Pilot2, P _Pilotl, P Pilot2, and
Group_Delay Env. The fundamental center frequency is
defined as a variable called RFfreq, which has a value of 1.22
GHz. Next, the spacing between the two fundamental tones and
the fundamental center frequency used in the two-tone test is
defined as a variable called Delta, which has a value of 100
MHz. The spacing between the center frequency and the pilot
tones is defined as a variable called Delta Pilotl and
Delta_Pilot2, which have a value of +350 MHz and 350 MHz,
respectively. The average power of the fundamental tone, pilot
tone 1, and pilot tone 2, are defined as variables called Pavs,
P_Pilotl, and P_Pilot2 that have values of 13 dBm, —50 dBm,
and —50 dBm, respectively. The group delay of the envelope is
defined as a variable named Group Delay Env, which has a
value of 0.1 ns.

In VAR3, the values of Alpha 3rd, Alpha 5th, Betay 3rd,
Beta 5th, Apha I, Beta I, Gamma I, Gamma Q, and
Group Delay Loop are defined. In the RF predistortion
linearization circuit, we have used four complex gain adjusters
that are X2, X3, X4, and X5 as their instance names. The values
of Alpha I and Alpha Q are the DC inputs of the complex gain
adjuster (X3) that need to be optimized so that the complex gain
adjuster (X3) can align the input signal in terms of both
magnitude and phase with the reference signal. The values of
Beta I and Beta Q are the DC inputs of the complex gain
adjuster (X4), and the magnitudes of Gamma_I and Gamma_Q
are the inputs of the complex gain adjuster (X5). The values of
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Beta 3rd and Beta 5th are the inputs for the coefficients of the
non-linear voltage-controlled voltage source (VCVS) with an
instance name of VSRC4 in the polynomial work function
section of the RF predistortion linearization circuit. The values
of Alpha 3rd and Alpha 5th are the inputs for the coefficients
of the non-linear voltage-controlled voltage source (VCVS)
with an instance name of VSRC6 in the polynomial work
function of the RF predistortion linearization circuit. Thus,
besides setting the starting values of Alpha I and Alpha Q, a
range of values is defined in which the ADS simulator will
iterate to get more accurate values for them.

In Fig. 3, the optimization is configured using harmonic
balance and optimization instances. In the harmonic balance
(HB1) setup, parameters for the fundamental frequency and
pilot tones are defined. The maximum IMD product or the
maximum generated harmonics to be swept are defined up to
the 5™ harmonic for the IMD product and the 1% harmonic for
the pilot tones.

HARMONIC-BALANCE OPTIM
Variables | Values Variables Values
Freqg[1] RFfreq - Delta Optim Type Gradient
Freq[2] RFfreq + Delta ErrctForm L2
Freq[3] RFfreq + Delta Pilot1 | Maxters 10
Freqg[4] RFfreq + Delta Pilot2 | FinalAnalysis "None"
Order[1] |5 NormalizeGoals | no
Order[2] |5 UpcateDataset | yes
Order[3] |1 SaveNominal yes
Order[4] |1 SaveAlliterations | yes
UseAllOptVars yes
UseAllGoals yes
SaveCurrentEF | no

Fig. 3. Optimization parameters and goals of the feedforward combined with
RF/digital predistortion linearization technique simulator.

Nominal optimization, often referred to as performance
optimization, employs iterative simulations to attain user-
defined objectives by automatically adjusting certain
simulation design parameters within specified user-defined
ranges. The general optimization parameters, such as the type
of optimization that is GRADIENT in our case, and the other
parameters, such as the maximum number of iterations, which
is set to 10, is also defined in the OPTIM instance named
Optim1. Under these general optimization parameters, there are
three different optimization goals. The three optimization goals
are OptimGoal4, OptimGoal5, OptimGoal6, OptimGoal7, and
OptimGoal8. Another control parameter is called the Pfc, which
is used to measure the rms power of one frequency component
of a harmonic balance waveform. The five Pfcs used are Pfcl,
Pfc2, Pfc3, Pfcd, and Pfc5, as shown in Fig. 2, and are used to
find the rms power of Pilotl, Pilot2, Pilot3, 5% harmonic, and
3™ harmonic, respectively.

IV. SIMULATION AND RESULTS

The schematic diagram of the feedforward linearizer merged
adaptive RF/digital predistortion technique, implemented in
Advanced Design System (ADS) software, is shown in Fig. 4.
This design was derived from the general architecture of Fig. 1.
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For the simulation of adaptive feedforward linearization,
there are a few simulation software. In our work, we have used
ADS to show the simulation outcomes of the Class E power
amplifier by implementing the adaptive feedforward
linearization techniques. ADS is an electronic design
automation software from Agilent. It gives an integrated design
environment (IDE) to design RF electronic circuits and
systems, such as mobile phones, pagers, wireless network
devices, satellite communications, radar systems, and high-
speed data links.

Using Agilent ADS, a circuit designer can draw schematic
captures, layouts, frequency-domain and time-domain circuit
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4. The value of the frequency spacing between the two
fundamental frequencies was set to 200 MHz. Two pilot tones,
one at 350 MHz and another at —350 MHz, were also included
in this simulation.
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Fig. 4. Feedforward linearizer combined with adaptive RF/digital predistorter schematic as seen in ADS.

A. Spectral Analysis

The spectrum of Fig. 5 (a) shows the output of class E PA.
The difference between m2 and m4, which is known as IMD3,
is calculated as 301.265 dBm. The spectrum of Fig. 5 (b) shows

the output of the class E PA after feedforward combined with
adaptive RF predistortion linearization. The difference between
m5 and m3 (IMD3) is calculated as 339.51 dBm. The IMD3 has
increased by 38.245 dBm, which indicates that linearization has
been achieved.
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(a) Initial spectrum at output,
Fig. 5.
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(b) Optimized spectrum at output

Spectral analysis before and after feedforward combined with adaptive RF predistortion linearization of the class E PA.
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B. Power Added Efficiency

The ADS software uses Eq. 1 to calculate the power-added
efficiency (PAE) of the class E power amplifier before and after
the feedforward, combined with the adaptive RF/digital
predistortion linearization technique.

PAE = PRFout—PRFin 1
Ppctotal

The power-added efficiency curve of the class E PA before
it was linearized by the feedforward, combined with
the adaptive RF/digital predistortion method, is shown in Fig. 6
(a). At an operating frequency of 1.22 GHz, we get a maximum
efficiency of about 55% for an input power of 30 dBm. Since
class E PA is the most efficient among all the other classes of
power amplifiers, theoretically, the power-added efficiency
should have been much higher. We would expect a very high
efficiency (about 70%), but we are limited by the transistor’s
characteristics, which gives us a maximum efficiency of 55%
where input power is 30 dBm in class E operation. The marker
ml in Fig. 6 (a) denotes the point at which the PAE of class E
PA is 53.763% at an input power (RF power) of 35 dBm.

The power-added efficiency curve of the class E PA after it
was linearized by the feedforward, combined with the adaptive
RF/digital predistortion linearization method, is shown in Fig.
6 (b). At our operating frequency of 1.22 GHz, we get a
maximum efficiency of 41.695% for an input power of 35 dBm,
as indicated by the marker m2. It is seen that the PAE of the
class E PA decreased from 53.763% to 41.695% after
linearization at an input power of 35 dBm. A decrease in PAE
by 22.45% indicates that there is a trade-off between
linearization and efficiency. If we want to improve the spectral
efficiency of a power amplifier by suppressing its
intermodulation distortion components, we must sacrifice some
power-added efficiency. This was the case in our optimization
of the class E PA by using this new linearization technique.
Though we were able to linearize the class E PA by 38.245
dBm, we had to lose 22.45% of the power-added efficiency.
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Fig. 6. Power-added efficiency curve of the class E PA before and after
feedforward combined with adaptive RF/digital predistortion linearization.

C. Third Order Intercept Point (IP3)

In Fig. 7, the red colored curve corresponds to the
fundamental component, and the blue colored curve
corresponds to the 3™-order nonlinear component.
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Fig. 7. Pou vs Pin graph to determine the IP3 point before and after feedforward
combined with adaptive RF/digital predistortion linearization.
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It is seen that both curves meet at a certain point where the
third-order signal power is equal to the fundamental
component, and it is termed IP3. If the IP3 is taken from the
output axis, it is named the output third-order intercept point
(OIP3). If the reading is taken from the input axis, then it is
called the input third-order intercept point (IIP3). The
simulation results of the IP3 curve showed a rise in OIP3 and
IIP3 values by 38 dBm and 34 dBm, respectively. This increase
in the OIP3 and IIP3 points indicates that the linearity of the
class E PA after feedforward, combined with an adaptive
RF/digital predistortion linearization technique, improved.

D. Comparative Analysis

The ADS software simulation results are tabulated in Tables
I and II to show the superiority of our simulation results of
various parameters of the RF power amplifier. Table I shows a
comparison of the 3™-order intermodulation distortion (IMD3)
and power-added efficiency (PAE) results before and after the
linearization of a Class E power amplifier using a combination
of feedforward and adaptive RF/digital predistortion
techniques. In terms of IMD3, before linearization, the value
was 339.51 dBm. After applying linearization, the IMD3 value
reduced to 301.265 dBm, indicating a sizable enhancement in
reducing distortion.

Conversely, power-added efficiency (PAE) shows a
reduction after linearization. Initially, the PAE was 53.763%,
and following linearization, it dropped to 41.695%. This
suggests that the linearization process not only effectively
reduces distortion but also results in a decrease in efficiency.
Linearization improves signal linearity (IMD3), but this comes
at the cost of reduced efficiency (PAE).

TABLEI

COMPARATIVE RESULTS OF IMD3 AND PAE BEFORE AND AFTER
LINEARIZATION

Before Linearization After Linearization

IDM3 PAE IDM3 PAE
(dBm) (%) (dBm) (%)

Technique

Feedforward combined with
adaptive RF/digital
predistortion linearization

339.51 53.763 301.265  41.695

Table 2 provides a comparative analysis of output third-order
intercept point (OIP3) and input third-order intercept point
(ITP3) values before and after linearization for two different
methods, viz., analog predistortion linearization done in [6],
and feedforward combined with adaptive RF/digital
predistortion linearization used in our study.

For OIP3, the analog predistortion method showed an
improvement from 35.45 dBm before linearization to 41.77
dBm after linearization, indicating a moderate enhancement in
linearity. In contrast, our method yields a more significant
improvement, with OIP3 increasing from 19 dBm before
linearization to 57 dBm after linearization, demonstrating a
much larger improvement in terms of linearity.

Similarly, in terms of IIP3, the analog predistortion method
of [6] resulted in an increase from 20.45 dBm to 36.77 dBm
after linearization. Our method shows substantial progress with
IIP3 rising from 48 dBm to 82 dBm.
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The linearization method used in our paper achieves far
greater improvement in both OIP3 and IIP3 values compared to
the results of [6] with the analog predistortion linearization
method, indicating a superior enhancement of linearity in our
approach.

TABLE II

COMPARATIVE RESULT ANALYSIS OF OIP3 AND IIP3 BEFORE AND AFTER
LINEARIZATION BETWEEN THIS WORK AND REFERENCE PAPER

Before Linearization After Linearization

Reference

IIP3 (dBm)  OIP3(dBm) [IIP3(dBm)  OIP3 (dBm)
[6] 20.45 35.45 36.77 41.77
This work 48 19 82 57

In addition to the comparisons with analog predistortion, a
comparative analysis was conducted against a Class-E Doherty
amplifier utilizing a g m3 cancellation method [18], which
achieved an IMD3 improvement of 11 dB while maintaining a
high power-added efficiency (PAE) of 50.2%. As shown in
Table III, the proposed hybrid feedforward-predistortion
technique achieves a dramatically higher IMD3 improvement
of 38.25 dB, underscoring its superior effectiveness in linearity
enhancement. This significant performance gain, while
resulting in a lower final PAE of 41.70%, highlights the
fundamental trade-off between linearity and efficiency and
establishes the proposed technique as the superior solution for
applications where minimizing distortion is the main objective.

TABLE III
PERFORMANCE COMPARISON BETWEEN THIS WORK AND CLASS-E DOHERTY
AMPLIFIER
Parameter This work [18]
IMD3 Improvement 38.25dB 11dB
Final PAE 41.70% 50.2%

V. CONCLUSIONS

The class E power amplifier (PA) was linearized in the ADS
software by using the adaptive approach of the feedforward,
combined with the adaptive  RF/digital predistortion
linearization technique. The simulation results with satisfactory
outcomes proved the feasibility of this technique. The spectral
analysis of the feedforward combined with the adaptive
RF/digital predistortion linearization technique showed an
improvement of the IMD3 value by 38.245 dBm without any
alterations of the desired fundamental responses. The power-
added efficiency (PAE) is decreased by 22.45% which indicates
that there is a trade-off between linearization and efficiency in
this technique. The simulation results of the IP3 curve showed
a rise in OIP3 and IIP3 values by 38 dBm and 34 dBm,
respectively. After considering all the results, we can see that a
large decrease in PAE was accompanied by a notable
improvement in the linearity in terms of IMD3 and IP3 for the
Class E power amplifier (PA). The hybrid feedforward—
predistortion technique introduces additional circuit complexity
due to dual loops, but this is mitigated by the adaptability of the
predistorter, and group delay compensation is explicitly
included in the design to address timing misalignments.
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VI. LIMITATIONS AND FUTURE WORKS

The present work focused on demonstrating the feasibility of
a hybrid feedforward—predistortion technique for linearizing
Class E power amplifiers through detailed ADS simulations.
While the results confirmed significant improvements in
linearity with manageable efficiency trade-offs, future research
will extend this work in several directions. These include
experimental hardware implementation to validate the
simulation results, incorporation of additional RF performance
metrics such as adjacent channel power ratio (ACPR) and error
vector magnitude (EVM), and evaluation of the approach over
wider bandwidths and multiple frequency points. Furthermore,
future studies will explore circuit complexity, delay, and
adaptability considerations in greater depth to assess suitability
for real-time wireless communication systems.
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