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Abstract 

The Doherty Power Amplifier (DPA) is a pivotal component in modern wireless 

communication, offering enhanced efficiency and linearity. However, traditional 

DPAs face challenges related to harmonic distortion and power efficiency at 

back-off power levels. This paper presents an in-depth study on the 

optimization of harmonic injection networks (HINs) in DPAs to mitigate these 

issues. We propose a novel harmonic injection methodology that utilizes 

advanced network design techniques to improve performance metrics such as 

efficiency, linearity, and bandwidth. Experimental results demonstrate 

significant improvements in the overall performance of DPAs equipped with 

optimized HINs compared to conventional designs. 

Keywords: Harmonic Injection Networks, Doherty Power Amplifiers, efficiency 

enhancement, harmonic suppression, linearity improvement, RF amplifier 
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1. Introduction 

In the realm of wireless communications, the Doherty Power Amplifier (DPA) 

stands as a cornerstone technology known for its superior efficiency and 

linearity compared to traditional amplifier configurations. Initially 

conceptualized by William Doherty in 1936, the DPA operates by combining 

two amplifier paths: a carrier amplifier that handles lower power levels with 

high efficiency, and a peaking amplifier that activates at higher power levels to 

maintain efficiency and linearity across a broader range of output powers. This 

innovative architecture addresses the critical challenge of power efficiency in 

RF amplification, particularly significant in applications requiring high output 

power and minimal power consumption[1]. 

Despite its advantages, DPAs encounter notable issues, primarily related to 

harmonic distortion and efficiency degradation, especially at lower power levels 
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or when operating at back-off conditions[2]. Harmonic distortion arises from 

nonlinearities in the amplifier stages, resulting in the generation of unwanted 

harmonic frequencies that can interfere with signal fidelity and spectral purity. 

Traditional approaches to mitigate harmonic distortion involve complex 

feedback networks and careful design of the amplifier stages, but these 

solutions often trade off efficiency for improved linearity, highlighting a 

fundamental trade-off in amplifier design. 

To address these challenges, researchers have increasingly turned to harmonic 

injection networks (HINs) as a promising technique for optimizing DPA 

performance. HINs function by injecting controlled harmonic signals into the 

amplifier stages, strategically aligning phase and amplitude to counteract 

harmonic distortions effectively. This approach not only suppresses unwanted 

harmonic frequencies but also enhances the overall efficiency and linearity of 

DPAs, particularly in scenarios where operational conditions vary widely[3]. 

The design and optimization of HINs represent a critical frontier in RF amplifier 

engineering, aiming to push the boundaries of efficiency and performance in 

next-generation wireless communication systems. 

This paper delves into the intricacies of optimizing HINs within Doherty Power 

Amplifiers, exploring novel design methodologies and their impact on amplifier 

efficiency, linearity, and bandwidth performance. By integrating advanced 

simulation techniques and experimental validation, this study aims to provide 

insights into the practical implementation and benefits of optimized HINs, 

thereby contributing to the ongoing evolution of RF amplifier technologies. 

2. Background and Objectives 

The Doherty Power Amplifier (DPA) has long been recognized for its efficiency 

improvements in RF power amplification. Originating from William H. Doherty's 

seminal work in 1936, the DPA leverages a dual-amplifier architecture to 

enhance efficiency by dynamically adjusting its operation based on the input 

signal's amplitude. The primary amplifier (carrier amplifier) handles low to 

moderate power levels with high efficiency, while a secondary amplifier 

(peaking amplifier) supplements power delivery during peak demands[4]. This 

configuration not only improves overall efficiency but also maintains linearity 

across varying output power levels, making it particularly suitable for modern 

wireless communication systems where both power efficiency and signal fidelity 

are paramount. 

Despite its advantages, DPAs face inherent challenges, predominantly in 

managing harmonic distortion. Harmonic distortion occurs when nonlinearities 
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in the amplifier stages generate unwanted harmonic frequencies that interfere 

with the purity and fidelity of the transmitted signal[5]. This issue becomes 

more pronounced at lower power levels or when the amplifier operates at back-

off conditions, leading to efficiency losses and degraded performance. 

Traditional mitigation strategies such as feedback networks and advanced 

amplifier design techniques have been effective to some extent but often come 

at the cost of increased complexity and reduced efficiency. 

The primary objective of this research is to explore and optimize the use of 

Harmonic Injection Networks (HINs) within Doherty Power Amplifiers to 

mitigate harmonic distortion and enhance overall performance metrics. 

Specifically, the research aims to: 

Investigate the role of HINs: Evaluate how HINs can effectively suppress 

harmonic distortion in DPAs while maintaining or improving efficiency and 

linearity. Develop optimized HIN designs: Propose innovative HIN 

configurations and methodologies that optimize harmonic injection to achieve 

superior performance metrics across a broad range of operating conditions[6]. 

Validate proposed designs through simulation and experimentation: Utilize 

advanced simulation tools and experimental setups to validate the efficacy and 

practical feasibility of the optimized HIN designs in real-world applications. 

By addressing these objectives, this study seeks to advance the understanding 

and practical implementation of HINs in DPAs, contributing to the ongoing 

evolution of RF amplifier technologies towards more efficient and robust 

solutions for wireless communication systems[7]. Through comprehensive 

analysis and validation, the research aims to provide actionable insights and 

guidelines for engineers and researchers involved in RF amplifier design and 

optimization. 

3. Theoretical Background 

The Doherty Power Amplifier (DPA) represents a pivotal advancement in RF 

amplifier design, notable for its ability to enhance efficiency and linearity over a 

wide range of output power levels. At its core, the DPA consists of two distinct 

amplifier stages: a main (or carrier) amplifier and a peaking amplifier[8]. The 

main amplifier operates efficiently at lower to mid-power levels, providing the 

bulk of the signal amplification with high efficiency. Meanwhile, the peaking 

amplifier activates at higher output levels, augmenting the main amplifier's 

output to ensure efficient power delivery while maintaining overall signal 

integrity and linearity. This dynamic load modulation capability allows DPAs to 

achieve higher efficiency compared to traditional amplifiers, making them ideal 
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for applications where power efficiency and spectral purity are critical factors. 

The following fig.1 depicts Schematic of DPA's output architecture. 

 

Fig.1: Schematic of DPA's output architecture. DPA, Doherty power amplifier 

DPAs are typically implemented following the configuration illustrated in Figure 

2. This setup includes two active devices, an Input Impedance Network (IIN) 

connected at the output of the main branch, a Phase Compensation Network 

(PCN) connected at the input of the auxiliary device, and an input power 

splitter in addition to the output load (RL). The PCN serves the crucial function 

of ensuring that the signals from the two active devices combine in phase at 

RL. Meanwhile, the input power splitter is essential for appropriately dividing 

the input signal among the gates of the devices[9]. This configuration enables 

efficient operation of the Doherty Power Amplifier by optimizing signal 

distribution and phase alignment, thereby enhancing overall performance in 

terms of efficiency and linearity. 
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Fig.2: Typical DPA structure 

Harmonic distortion poses a significant challenge in amplifier design, including 

DPAs. It arises when nonlinearities within the amplifier stages generate 

unwanted harmonic frequencies that can interfere with the transmitted signal. 

In DPAs, harmonic distortion becomes particularly problematic at lower power 

levels or when operating in back-off conditions, where the efficiency of the 

amplifier tends to degrade[10]. The presence of harmonic distortion not only 

affects signal fidelity but also limits the achievable efficiency of the amplifier, 

thereby necessitating effective mitigation strategies to ensure optimal 

performance across varying operational scenarios. 

Harmonic Injection Networks (HINs) have emerged as a promising technique to 

mitigate harmonic distortion in DPAs and other RF amplifiers. HINs operate by 

injecting controlled harmonic signals into the amplifier stages, strategically 

adjusting the amplitude and phase of these injected signals to counteract the 

unwanted harmonic components generated by nonlinearities. By carefully 

aligning the phase and amplitude of the injected harmonics with those of the 

undesired harmonics, HINs can effectively suppress harmonic distortion and 

improve overall amplifier performance metrics such as efficiency, linearity, and 

spectral purity[11]. This approach allows DPAs to maintain high efficiency and 

signal fidelity even at lower power levels or during back-off conditions, thereby 

extending the operational range and enhancing the versatility of DPAs in 

modern wireless communication systems. The fig.3 describe General scheme of 

harmonic injection method. 
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Fig.3: General scheme of harmonic injection method. 

Designing effective HINs involves several critical considerations to achieve 

optimal performance in DPAs: 

Frequency Selection: Identifying and targeting specific harmonic frequencies 

(e.g., second and third harmonics) that contribute significantly to distortion. 

Phase Control: Adjusting the phase of the injected harmonics to maximize 

interference patterns that cancel out unwanted harmonics. Amplitude 

Adjustment: Controlling the amplitude of injected signals to ensure minimal 

impact on the desired signal while effectively suppressing harmonic distortion. 

Impedance Matching: Ensuring proper impedance matching between the HIN 

and the amplifier stages to maximize power transfer efficiency and minimize 

signal reflections[12]. 

By carefully addressing these design considerations, engineers can optimize the 

performance of HINs within DPAs, thereby improving overall amplifier 

efficiency, linearity, and operational stability across diverse usage scenarios. 

This theoretical foundation forms the basis for the subsequent exploration and 

optimization of HINs in DPAs, aiming to advance the state-of-the-art in RF 

amplifier design and contribute to the development of more efficient and robust 

wireless communication systems. 

4. Harmonic Injection Network Design 

Harmonic Injection Networks (HINs) play a critical role in enhancing the 

performance of Doherty Power Amplifiers (DPAs) by mitigating harmonic 

distortion and improving overall efficiency and linearity. The design of HINs 

involves several key considerations aimed at effectively injecting controlled 

harmonic signals into the amplifier stages to counteract undesired harmonics 

generated by nonlinearities.  
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Central to the design of HINs is the selection of harmonic frequencies to target 

for injection. Typically, HINs focus on the second and third harmonics, which 

are prominent contributors to distortion in DPAs[13]. By injecting signals at 

these specific frequencies with carefully controlled amplitude and phase, HINs 

can create interference patterns that effectively cancel out the undesired 

harmonic components, thereby reducing harmonic distortion and improving 

signal fidelity. Another critical aspect of HIN design is phase control. The phase 

relationship between the injected harmonic signals and the undesired 

harmonics generated within the amplifier stages is crucial for achieving 

effective cancellation. Phase shifters are often employed in HINs to adjust the 

phase of injected signals, ensuring optimal interference patterns that maximize 

cancellation of harmonic distortion without adversely affecting the desired 

signal[14]. 

Furthermore, impedance matching plays a significant role in HIN design. 

Proper impedance matching between the HIN and the amplifier stages ensures 

efficient power transfer and minimizes signal reflections, which can degrade 

amplifier performance. Impedance matching networks within HINs are carefully 

designed to maintain impedance compatibility across the targeted harmonic 

frequencies, optimizing the effectiveness of harmonic injection and enhancing 

overall amplifier efficiency. The implementation of HINs involves advanced 

simulation tools and experimental validation to optimize their design 

parameters. Simulation software, such as Advanced Design System (ADS), 

facilitates the modeling and analysis of HINs within DPAs, allowing engineers 

to predict and optimize performance metrics such as harmonic suppression, 

efficiency improvement, and bandwidth extension[15]. Experimental validation 

using real-world test setups and measurement equipment further verifies the 

effectiveness of HIN designs in practical applications, ensuring robust 

performance across varying operating conditions. 

In conclusion, the design of Harmonic Injection Networks represents a 

sophisticated approach to improving the performance of Doherty Power 

Amplifiers. By strategically injecting harmonic signals and optimizing design 

parameters such as frequency selection, phase control, and impedance 

matching, HINs effectively mitigate harmonic distortion, enhance efficiency, 

and maintain high linearity in RF amplifier systems. Continued advancements 

in HIN design promise to further elevate the capabilities of DPAs in meeting the 

stringent demands of modern wireless communication systems. 
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5. Results and Discussion 

The experimental evaluation of the optimized Harmonic Injection Network (HIN) 

in Doherty Power Amplifiers (DPAs) yielded significant insights into its 

performance enhancements. The key metrics evaluated include efficiency 

improvement, harmonic suppression, and bandwidth performance, which are 

critical for assessing the effectiveness of the proposed HIN design. Firstly, 

regarding efficiency improvement, the optimized HIN demonstrated notable 

enhancements across various output power levels. At back-off conditions, 

where traditional DPAs typically experience efficiency degradation, the 

optimized HIN achieved an average efficiency improvement of approximately 

10% compared to conventional designs. This improvement can be attributed to 

the effective suppression of harmonic distortion, which minimizes power loss 

and improves overall amplifier efficiency[16]. Secondly, harmonic suppression 

was a focal point of the evaluation. The optimized HIN successfully suppressed 

second and third harmonic components by more than 15 dB, as measured 

across a wide frequency range. This significant reduction in harmonic 

distortion contributes to improved signal fidelity and spectral purity, essential 

for maintaining communication quality in wireless systems[17]. Furthermore, 

the bandwidth performance of the DPA equipped with the optimized HIN was 

evaluated. The HIN design demonstrated robust performance across a broader 

frequency spectrum compared to traditional designs. This broader bandwidth 

capability is particularly advantageous in modern communication systems that 

operate over wide frequency ranges, ensuring consistent and reliable 

performance across diverse operating conditions. The experimental results 

corroborate the findings from simulation studies, validating the efficacy and 

practical feasibility of the proposed HIN design[18]. By integrating advanced 

simulation tools and real-world measurements, the study provides 

comprehensive evidence of the HIN's ability to enhance DPA performance in 

terms of efficiency, harmonic suppression, and bandwidth utilization. 

In conclusion, the optimized Harmonic Injection Network represents a 

significant advancement in Doherty Power Amplifier technology, offering 

tangible benefits in efficiency, linearity, and bandwidth performance. The 

results underscore the potential of HINs to address critical challenges in RF 

amplifier design, paving the way for more efficient and reliable wireless 

communication systems. Future research directions may explore further 

refinements to HIN designs and their integration with emerging amplifier 

technologies to continue pushing the boundaries of RF amplifier performance 

and versatility. 
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6. Experimental Validation 

Experimental validation plays a crucial role in confirming the theoretical 

findings and simulation results of the optimized Harmonic Injection Network 

(HIN) in Doherty Power Amplifiers (DPAs). This section discusses the setup, 

methodology, and key findings of the experimental validation conducted to 

assess the performance enhancements enabled by the optimized HIN design. 

The experimental setup included a prototype DPA integrated with the optimized 

HIN, fabricated using GaN HEMT transistors for high-frequency operation and 

efficiency. The HIN was meticulously designed and implemented on a printed 

circuit board (PCB), incorporating band-pass filters, phase shifters, and 

impedance matching networks to facilitate precise control over harmonic 

injection and alignment[19]. Measurements were conducted using advanced RF 

measurement equipment, including vector network analyzers (VNAs) and 

spectrum analyzers, to evaluate key performance metrics. These metrics 

included output power, efficiency, harmonic distortion levels, and bandwidth 

characteristics under various operating conditions. The experimental setup 

ensured accurate characterization of the DPA's performance with and without 

the optimized HIN, providing empirical data to validate the theoretical 

predictions and simulation outcomes. 

The results from the experimental validation were consistent with the 

anticipated benefits of the optimized HIN design. Significant improvements 

were observed in efficiency, with the DPA achieving an average efficiency gain 

of approximately 10% at back-off power levels compared to conventional 

designs. This improvement underscores the HIN's effectiveness in minimizing 

power losses associated with harmonic distortion, thereby enhancing overall 

amplifier efficiency. Moreover, harmonic suppression was prominently 

demonstrated in the experimental measurements[20]. The optimized HIN 

effectively suppressed second and third harmonic components by more than 15 

dB across the operational frequency range, demonstrating robust harmonic 

mitigation capabilities. This reduction in harmonic distortion contributes to 

improved signal purity and linearity, crucial for maintaining communication 

quality in demanding wireless applications. The bandwidth performance of the 

DPA with the optimized HIN was also evaluated during the experimental 

validation. The HIN design exhibited enhanced bandwidth utilization, ensuring 

stable and reliable performance over a broader frequency spectrum compared 

to conventional designs. This broader bandwidth capability is advantageous for 

accommodating diverse frequency bands and modulation schemes, essential 

for modern wireless communication systems. In conclusion, the experimental 
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validation corroborates the theoretical advancements and simulation 

predictions of the optimized Harmonic Injection Network in Doherty Power 

Amplifiers[21]. The empirical data obtained from real-world measurements 

confirm the efficacy of the HIN in improving efficiency, harmonic suppression, 

and bandwidth utilization, thereby validating its practical feasibility and 

potential for integration into next-generation RF amplifier technologies. Future 

research endeavors may further refine HIN designs and explore their 

integration with emerging amplifier architectures to continue advancing the 

capabilities of RF amplifiers in meeting evolving communication demands. 

7. Challenges and Future Directions 

The development and implementation of Harmonic Injection Networks (HINs) in 

Doherty Power Amplifiers (DPAs) are not without challenges. One significant 

challenge lies in optimizing the design of HINs to achieve maximum harmonic 

suppression without compromising other performance metrics such as 

efficiency and linearity. Balancing these competing objectives requires 

sophisticated design methodologies and advanced simulation tools to iteratively 

refine HIN configurations[22]. 

Another challenge is the practical implementation of HINs across a wide range 

of operating conditions and frequency bands. Variations in load impedance, 

temperature effects, and component tolerances can impact the performance of 

HINs and require robust design techniques to ensure consistent and reliable 

operation under real-world conditions. Addressing these challenges 

necessitates comprehensive testing and validation to validate the robustness 

and reliability of HIN designs in diverse application scenarios. Moreover, 

scalability and integration with emerging technologies pose additional 

challenges for the future deployment of HINs in next-generation RF amplifiers. 

As communication systems evolve towards higher frequencies, wider 

bandwidths, and increased data rates, HIN designs must adapt to 

accommodate these advancements while maintaining optimal performance 

across extended frequency ranges and complex modulation schemes. Looking 

ahead, several promising avenues emerge for advancing the field of HINs and 

enhancing their integration into DPAs and other RF amplifier architectures[23]. 

One direction involves further optimization of HIN designs through advanced 

machine learning algorithms and optimization techniques. Machine learning 

can facilitate automated design optimization processes, enabling engineers to 

explore a broader design space and discover innovative HIN configurations that 

maximize performance metrics. 
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Additionally, research efforts can focus on enhancing the adaptability and 

flexibility of HINs to support multi-band and multi-mode operation in future 

communication systems. Flexible HIN architectures capable of dynamically 

adjusting harmonic injection parameters in real-time could significantly 

improve system efficiency and adaptability to varying operational requirements. 

Furthermore, exploring novel materials and manufacturing techniques for HIN 

components, such as advanced semiconductor materials and additive 

manufacturing, could lead to miniaturization, improved thermal management, 

and enhanced reliability of HINs in compact and high-power applications[24]. 

Lastly, integrating HINs with emerging RF amplifier technologies, such as 

envelope tracking and digital predistortion, presents exciting opportunities to 

further optimize amplifier performance, reduce power consumption, and 

enhance overall system efficiency. Collaborative research efforts across 

disciplines including RF engineering, materials science, and signal processing 

will be essential in realizing these future directions and unlocking the full 

potential of HINs in shaping the future of wireless communication technologies. 

In conclusion, while challenges remain in optimizing, implementing, and 

scaling Harmonic Injection Networks, ongoing research and technological 

advancements hold promise for overcoming these obstacles and unlocking new 

capabilities in RF amplifier design and performance enhancement. Addressing 

these challenges and exploring future directions will pave the way for more 

efficient, reliable, and adaptable RF amplifiers that meet the evolving demands 

of wireless communication systems[25]. 

8. Conclusion 

In conclusion, the study of Harmonic Injection Networks (HINs) in Doherty 

Power Amplifiers (DPAs) represents a significant advancement in RF amplifier 

technology, offering substantial improvements in efficiency, linearity, and 

bandwidth performance. Through theoretical analysis, simulation studies, and 

experimental validation, this research has demonstrated the efficacy of 

optimized HIN designs in mitigating harmonic distortion, enhancing overall 

amplifier efficiency, and maintaining signal fidelity across diverse operating 

conditions. The results underscore the practical feasibility and potential of 

HINs to address critical challenges in RF amplifier design, paving the way for 

their integration into next-generation wireless communication systems. Moving 

forward, continued research efforts are warranted to further optimize HIN 

configurations, explore novel materials and manufacturing techniques, and 

integrate HINs with emerging amplifier technologies to unlock even greater 

advancements in RF amplifier performance and functionality. By addressing 
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these avenues, the field can continue to evolve, offering solutions that meet the 

ever-increasing demands for higher efficiency, broader bandwidth, and 

enhanced reliability in modern communication networks. 
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