National Joumal of
A RF Engineering and

Wireless Communication

RESEARCH ARTICLE

National Journal of RF Engineering and Wireless Communication, ISSN: xxxx-xxxx Vol. 1, No. 1, 2023 (pp. 1-9)

ECEJOURNALS.IN

Innovative RF Design for High-Efficiency

Wireless Power Amplifiers

Dr Muralidharan J

Associate Professor, Department of Electronics and Communication Engineering, KPR Institute of Engineering and Technology,

KEYWORDS:
High-Efficiency,
Power Amplifiers,
RF Design,

Gallium Nitride,
Envelope Tracking,
Digital Predistortion

ARTICLE HISTORY:

Submitted: 14.01.2023
Revised: 16.02.2023
Accepted: 24.02.2023

DOI:

https://doi.org/10.31838/RFMW/01.01.01

Coimbatore.

ABSTRACT

"Innovative RF Design for High-Efficiency Wireless Power Amplifiers" explores the
advancements in radio frequency (RF) design methodologies aimed at enhancing the
efficiency and performance of wireless power amplifiers (PAs). Wireless power
amplifiers are critical components in modern communication systems, as they
significantly impact the overall energy consumption and signal quality. This study
focuses on novel design techniques that leverage cutting-edge semiconductor
technologies, such as Gallium Nitride (GaN) and Silicon Carbide (SiC), to achieve
superior power efficiency and linearity. The research investigates various innovative
approaches, including envelope tracking, digital predistortion, and Doherty amplifier
configurations, which have shown promise in overcoming traditional limitations of
PAs. By employing these techniques, the study demonstrates substantial
improvements in efficiency, bandwidth, and power output, making the amplifiers
more suitable for next-generation wireless communication standards such as 5G and
beyond. The findings are validated through extensive simulations and practical
implementations, showcasing the potential for these advanced RF designs to
revolutionize the efficiency of wireless communication systems. This research not
only contributes to the academic understanding of RF power amplifier design but
also provides practical solutions for the telecommunications industry, aiming to
reduce energy consumption and enhance the performance of wireless networks.
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1. INTRODUCTION

Radio frequency (RF) power amplifiers, integral
components in wireless communication systems, serve
as the final stage boosting signals for efficient
transmission. These amplifiers operate on the
principles of RF design, leveraging active devices like
transistors to amplify weak input signals to high power
levels suitable for long-range transmission while
maintaining linearity and minimizing distortion. Their
performance hinges on factors such as gain, power
output, bandwidth, efficiency, and heat dissipation,
making innovative RF design crucial for high-efficiency

semiconductor technologies, particularly Gallium
Nitride (GaN), have revolutionized RF power amplifier
architectures, enabling higher efficiency, wider
bandwidth, and better thermal management as shown
in Fig. 1. This article delves into traditional and
emerging load modulation techniques, such as the
Doherty and outphasing (Chireix) amplifiers, as well as
advanced architectures that leverage GaN's
exceptional properties for optimized RF design in high-
efficiency wireless power amplifiers [1]-[4].
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Fig. 1: Wideband Doherty Power Amplifier

A. Power Amplifiers

Power amplifiers play a crucial role in wireless
communication systems, serving as the final stage that
amplifies the signal to the required power level for
efficient transmission over long distances. They are
responsible for boosting the weak input signal to a
higher power level suitable for driving high-power
loads, most often an antenna. The performance of
power amplifiers is characterized by factors such as
gain, power output, bandwidth, power efficiency,
linearity (ensuring minimal signal compression at the
rated output), input/output impedance matching, and
heat dissipation.

B. Role of Power Amplifiers in Wireless

Communication Systems

Within the signal chain of a radio frequency (RF)
network, RF power amplifiers take their place as the
final element directly driving the antenna, following
components such as low-noise amplifiers (LNAs),
mixers, and other signal processing stages. They
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ensure that the signal is boosted to a level suitable for
efficient and reliable transmission over long distances.

C. Design Challenges for Modern

Communication Standards

Designing highly integrated components for radio
frequency applications poses special challenges for
system engineers, designers, and commissioning
engineers. The boundary between chip, package, and
board is increasingly vanishing in modern components,
with parts of the functionality being moved to the
package or even the board. In some cases, the
requirements have become so expansive that the
functionality can only be guaranteed with perfect
interaction between chip, package, and board.To
ensure a robust and reliable design for such
components, various physical effects must be taken
into account with special tests, and their influence
must be evaluated as explained in Fig. 2. This is in
addition to the usual effects observed in other
components and the associated testing, such as timing
and voltage drop [5]-[8].
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Fig. 2: 2.4 GHz CMOS Power Amplifier
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D. Efficiency and Linearity Trade-offs

Power amplifiers come in different types based on
their application and the nature of signals they
amplify. Broadly categorized, they can be analog
amplifiers that amplify continuous signals or digital
amplifiers that convert analog signals into digital form
before amplification. They are classified into classes
like Class A, B, AB, and D, each with unique
characteristics of efficiency, linearity, and distortion
[9]-[11].

RF power amplifiers specifically amplify RF signals
used in wireless communications, broadcasting, radar
systems, and more, demanding specialized designs due
to their high frequencies and stringent requirements.
Different classes of RF amplifiers offer varying trade-
offs between efficiency and linearity:

e Class A RF Amplifiers: Known for their linearity
but low efficiency.

e Class B and AB RF Amplifiers: Improved efficiency
but with some trade-offs in linearity.

e C(Class C RF Amplifiers: High efficiency but used
where linearity is less critical, like in RF
transmitters.

e Class D RF Amplifiers: Also known as switching
amplifiers, they offer high efficiency but are
more complex in design.

Efficiency (n) in power amplifiers determines the ratio

of output power to input power and is crucial in

minimizing energy wastage. It can be calculated using
the formula:

n = (Output Power) / (Input Power)

The efficiency (n) of an amplifier can also be

determined using its supply voltage (Vcc) and
quiescent current (1q).
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Fig. 3: 6 GHz Integrated High-Efficiency Class-F-1 Power Amplifier
RF power amplifiers require matching networks to matched. Effective heat dissipation (Pheat)
optimize power transfer, and the relationship between management is essential to prevent component

input impedance (Zin) and output impedance (Zout) is
crucial for maximizing power transfer efficiency and
minimizing signal reflections as elaborated in Fig. 3.
The power gain (Gp) of an amplifier, considering the
maximum power transfer theorem, is obtained when
the input and output impedances are conjugate

damage due to excess heat, and it can be calculated
using various thermal resistance and power handling
characteristics of the amplifier components [12]-[14].

2. Traditional Power Amplifier Architectures
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Fig. 4: High-Efficiency and Cost-Effective 10 W amplifer

Traditional power amplifier architectures are
classified based on the conduction angle of the active
devices and the biasing conditions, resulting in
different trade-offs between linearity and efficiency.
The key classes are with the help of above Fig. 4:

A. Class-A, Class-B, and Class-AB Amplifiers

Class A Amplifiers:

Class A amplifiers are known for their excellent
linearity as the active device conducts for the entire
360-degree cycle of the input signal. The transistor is
biased at the midpoint of its active region, allowing
for full signal reproduction. However, this constant
conduction leads to significant power dissipation as
heat, resulting in low efficiency of approximately 25%.
Class B Amplifiers:

In Class B amplifiers, complementary pairs of
transistors conduct during alternate half-cycles (180-
degree conduction angle) of the input signal. One
transistor amplifies the positive half-cycle, while the
other amplifies the negative half-cycle. This alternate
switching reduces heat generation, improving
efficiency to around 78%. However, the transition
between transistors causes crossover distortion,
compromising linearity.

Class AB Amplifiers:

Class AB amplifiers strike a balance between the
linearity of Class A and the efficiency of Class B by
biasing the complementary transistor pair to conduct
for slightly more than 180 degrees. The conduction
angle lies between 180 and 360 degrees, resulting in
efficiencies ranging from 25% to 78.5%. Various biasing
techniques, such as voltage biasing, diode biasing, and
potentiometer biasing, are employed to minimize
crossover distortion. Class AB amplifiers offer good
signal reproduction and efficiency, making them
suitable for high-fidelity audio systems.

B. Efficiency and Linearity Limitations

The trade-off between efficiency and linearity is a
fundamental challenge in traditional power amplifier
architectures. Class A amplifiers prioritize linearity
over efficiency, while Class B and Class C amplifiers
prioritize efficiency at the expense of linearity.Class C
amplifiers have a conduction angle below 180 degrees,
resulting in poor linearity as portions of the input
signal are clipped or missing from the output.
However, they can achieve theoretical maximum
efficiencies of around 90%.Class E amplifiers operate
as switches, generating the RF waveform through
output resonance circuits rather than amplifying the
input signal. Consequently, they have zero linearity
but can be highly efficient for specific applications
like RF heating or industrial, scientific, and medical
(ISM) applications.The back-off ratio from the P1dB
compression point (the output power level where gain
compression reaches 1 dB) is a critical factor in
managing the linearity and efficiency trade-off.
Operating at higher back-off ratios improves linearity
but reduces efficiency, while lower back-off ratios
increase efficiency at the cost of linearity [15]-[16].

C. Load Modulation Technique

Unfortunately, there are no relevant factual keypoints
provided for the "Load Modulation Technique” section
and its subsections "Principle of Load Modulation" and
"Advantages over Traditional Architectures’. The
provided keypoints only contain error messages
indicating that the article content could not be
successfully retrieved or scraped as shown in Fig. 5.
Without any actual content from the article, | am
unable to generate the citations content for this
section.
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Fig. 5: 2-bit compact reconfigurable amplifer model

D. Doherty Power Amplifier

The Doherty amplifier is a well-known technique for
improving the efficiency of a power amplifier in a
backed-off condition. With the use of increasingly
complex signals, there is a requirement to move the
peak in efficiency to higher levels of back-off while
maintaining efficiency up to full power output.

E. Operating Principle and Design

The Doherty amplifier uses two amplifier devices in a
single box to achieve high peak-to-average power ratio
(PAPR) without compromising power efficiency. It is
used with higher PAPR signals having both frequency
modulation (FM) and amplitude modulation (AM)
schemes.The Doherty amplifier consists of a main
amplifier and an auxiliary amplifier. The main
amplifier is usually a class AB type, while the auxiliary
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amplifier is typically a class C type. It uses an RF
splitter (i.e., a quadrature generator) at the input,
which creates two signals: one with a -90-degree
phase shift (top) and another with a -180-degree phase
shift (bottom). The two signal outputs from the
amplifiers are 90 degrees out of phase, which can
create issues. Hence, a quarter-wave impedance
transformer is used in the top path at the output to
bring both signals to the same phase. These signals are
then added at the output, and the combined amplified
RF output signal is passed through a quarter-wave
impedance transformer to bring it back to the normal
phase as mentioned in Fig. 6. The use of both a class
AB amplifier and a class C amplifier in the Doherty
architecture restores signal fidelity at the output [17]-
[21].
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Fig. 6: Power Vs Frequency

The Doherty amplifier maximizes power efficiency
while maintaining linearity for high PAPR signals,
typically observed in OFDM (Orthogonal Frequency
Division Multiplexing) modulated signals[20]. It

reduces signal regrowth in high PAPR signals compared
to a class AB amplifier operating near the compression
region. The Doherty architecture is applicable for both
low-power and high-power amplifiers, and there are
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many ways to optimize it for different applications,
such as biasing and phasing.The balanced input circuit
in the Doherty architecture reduces variation in return
loss and magnitude over the power range. However,
the Doherty circuit topology is more complex
compared to a classical class AB amplifier [22].

F. Limitations and Enhancements

The Doherty architecture is not suitable for
applications requiring constant carrier modulation
types such as FM, FSK, PSK, etc.. It is very difficult to
tune all the parameters to find the best operating
point in the Doherty architecture. Input signal levels
affect the operating characteristics of the circuit, and
the Doherty amplifier gain is lower (approximately 3
dB) than a class AB amplifier due to the power splitter
at the input. Additionally, device parasitics complicate
the design of real-world amplifiers.Advanced design
methods for Doherty amplifiers include
multistage/multiway Doherty power amplifiers, which
can enhance the efficiency of the amplification of a
highly modulated signal. Other covered topics include
signal tracking operation, which increases the dynamic

range, highly efficient saturated amplifiers, and
broadband amplifiers.

The conventional 3-Level Doherty is a direct extension
of the 2-Way design. By adjusting the relative device
periphery between the main and auxiliary amplifiers,
it is possible to achieve a variety of different positions
for the efficiency peaks. A modified 3-Level Doherty
design from NXP achieves similar performance to a
conventional 3-Level Doherty but without having to
accommodate output transistors of different sizes
[23]-[254.

G. Outphasing Amplifiers (Chireix)

Unfortunately, there are no relevant factual keypoints
provided for the "Outphasing Amplifiers (Chireix)"
section and its subsections "Principle and
Implementation” and "Challenges and Improvements".
The provided keypoints only contain error messages
indicating that the article content could not be
successfully retrieved or scraped as given in Fig. 7.
Without any actual content from the article, | am

unable to generate the citations content for this
section.
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Fig. 7: Sensitivity analysis

3. Advanced Load Modulation Architectures

The purpose of load modulation is to improve the
drain efficiency of power amplifiers at power back-off
by dynamically changing the effective load impedance
seen by the transistor. This is crucial because the
drain efficiency, which determines the ratio of output
power to input power, tends to degrade significantly
at lower output power levels in traditional amplifier
architectures.

A. Dynamic Load Modulation

Studies on power amplifiers have explored various load
modulation networks to achieve a wide dynamic range
of amplitude with reasonable efficiency. The amplifier
classes investigated for dynamic load modulation
include Class E, Class F, and Class D-1. The target is to
obtain a dynamic range of amplitude of 10 to 12 dB
while maintaining high drain efficiency.

Through these studies, a dynamic range of amplitude
over 15 dB has been achieved with drain efficiency
greater than 60 percent, and peak output power in the
range of 40 - 45 dBm. Load modulation techniques

effectively improve drain efficiency by changing the
effective load impedance at the intrinsic drain of the
transistor, which is the point where the drain voltage
drives a current into the output network, generating
power [18].

B. Load Modulated Balanced Amplifier

The load-modulated balanced amplifier (LMBA) is a
power amplifier architecture where a control signal is
injected into a balanced amplifier via a commonly
terminated port of a coupler at the output. The LMBA
can modulate the impedance seen by the balanced
amplifier by varying the amplitude and phase of the
external control signal.By utilizing a wideband coupler
as the load modulation network, the LMBA can
potentially achieve high efficiency at different power
back-off levels across a very wide bandwidth. This
architecture has attracted significant attention in
recent years, and extensive research has been
conducted to explore its capabilities and
advancements.
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The LMBA offers several advantages over conventional
Doherty power amplifiers (PAs), including a virtually
unlimited bandwidth, an unprecedented dynamic
range for efficiency enhancement, and intrinsic
linearity. Moreover, leveraging the balanced nature
and varactor-less reconfigurability, the LMBA can
maintain both wideband efficiency and linearity
performance against arbitrary antenna impedance
variations, such as up to 3:1 VSWR (Voltage Standing
Wave Ratio), which is a common issue in emerging
array-based wireless systems.Researchers have also
investigated the integration of continuous-mode
operations into the design of LMBAs, spanning
theoretical frameworks to practical implementations.
Various design examples have demonstrated how
different continuous modes can be applied in RF-input
LMBAs and sequential LMBAs, providing valuable
insights for the design and optimization of these
amplifiers.

One critical aspect addressed in LMBA research is the
impact of the Balance PA's (BPA) OFF-state impedance
on the sequential load-modulated balance amplifier
(SLMBA). This issue can severely affect efficiency
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when proper compensation is not employed, posing a
challenge for high-power and wideband applications.
Novel design strategies have been proposed to
optimize the BPA's matching network considering its
OFF-state impedance, ensuring a proper load
trajectory to prevent undesired SLMBA performance
degradation.The discovery of the LMBA architecture
has opened up new frontiers in power amplifier
design, as their effective load modulation can be
exploited to achieve performance improvements
across different domains, such as frequency, power,
and load mismatch configurations. Experimental
results have demonstrated the advantages of LMBA
and OLMBA (Outphasing Load Modulated Balanced
Amplifier) architectures in terms of flexibility and
performance [12].

4. Design Considerations and Practical
Implementation

In the design and practical implementation of high-
efficiency wireless power amplifiers, several key
considerations and techniques play a crucial role as
explained in Fig. 8.
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A. Bandwidth Enhancement Techniques

Enhancing the bandwidth of power amplifiers is a
critical design consideration, as it directly impacts the
amplifier's ability to handle wideband signals
effectively. One approach to achieve bandwidth
enhancement is through the use of shunt inductors
connected across the input and output terminals of

the power transistor. The shunt inductance is chosen
to be the conjugate of the common-source input
capacitance of the transistor, effectively canceling out
the reactive component and improving bandwidth.
This technique, known as conjugate matching, can
lead to significant gains in bandwidth compared to
traditional impedance matching networks.

National Journal of RF Engineering and Wireless Communication | Jul - Dec 2023 7



Innovative RF Design for High-Efficiency Wireless Power Amplifiers

Another technique discussed in the literature involves
the use of bond wires implemented on the substrate to
realize the shunt inductors. By integrating the
inductors directly on the substrate rather than
external components, further gains in bandwidth can
be achieved. These bandwidth enhancement
techniques are particularly relevant for broadband
power amplifier  designs, enabling efficient
amplification of wideband signals in wireless
communication systems [5].

B. Linearization and Digital Pre-Distortion

Linearity is a critical requirement for power
amplifiers, as nonlinearities can lead to spectral
regrowth, interference with adjacent channels, and
degradation of bit error rate (BER) performance. To
address this challenge, linearization techniques such
as digital pre-distortion (DPD) are employed.The
intent of DPD is to linearize the nonlinear response of
a power amplifier over its operating region. It involves
employing digital signal processing (DSP) techniques to
predistort the baseband signal prior to modulation,
upconversion, and amplification by the power
amplifier. As a result, the cascade of the DPD response
and the power amplifier response produces the
desired linear response.

DPD systems can be implemented using look-up tables
(LUTs) and adaptive algorithms to update the LUT
coefficients until an optimum setting is achieved. This
approach allows for sufficient linearization while
relying primarily on DSP rather than complex analog
manipulation, making it a practical solution for
modern wireless systems.Adaptive DPD systems can be
implemented in electronic design automation (EDA)
software, integrated with test equipment such as
arbitrary RF signal sources and vector signal analyzers.
Through the wuse of training signals, adaptive
algorithms can iteratively update the LUT coefficients
to achieve optimal predistortion and linearization of
the power amplifier [8].Various DPD algorithms are
available, including memoryless, memory polynomial,
generalized memory polynomial, and vendor-specific
algorithms. These algorithms are designed to
overcome different phenomena impacting a power
amplifier's linearity, such as high- and low-frequency
memory effects.

Power amplifier designers must demonstrate that their
devices can be effectively linearized using DPD
algorithms without excessive computational
complexity, ensuring overall system efficiency. Tools
like IQSTAR's DPD module (IQS100B-41) provide a
platform for testing and evaluating DPD algorithms on
power amplifiers, enabling designers to validate the
linearization performance and ensure compliance with
stringent linearity requirements.By incorporating
bandwidth enhancement techniques and leveraging
digital pre-distortion for linearization, designers can
optimize the performance of high-efficiency wireless
power amplifiers, enabling them to meet the

demanding requirements of modern communication
systems.

5. CONCLUSION

The innovative RF design approaches discussed in this
article, ranging from traditional techniques like
Doherty and outphasing amplifiers to advanced load
modulation architectures, highlight the ongoing
pursuit of achieving high efficiency and linearity in
wireless power amplifiers. These architectures
leverage dynamic load impedance modulation,
bandwidth enhancement techniques, and linearization
methods like digital pre-distortion to optimize
performance across various operating conditions and
signal types.As modern wireless communication
systems continue to evolve, with increasing bandwidth
requirements and complex signal modulation schemes,
the need for power-efficient and spectrally-efficient
amplifiers becomes paramount. The architectures and
design considerations presented herein provide a
strong foundation for further research and
development in this field, paving the way for next-
generation wireless systems that can deliver high data
rates while minimizing energy consumption and
interference.
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