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Abstract 

The need for low power RF circuits has gained more importance in the background of fifth-generation 

(5G) wireless communication systems, since the inherent PAPR characteristic of 5G signals—especially 

when using orthogonal frequency division multiplexing (OFDM) based techniques—becomes high. This 

high PAPR limits the efficiency of RF power amplifiers, increases power consumption, and induces 

thermal management challenges. In this context, conductive polymer composites (CPCs), based on 

advanced polymer matrices integrated with functional fillers, have emerged as promising materials for 

next-generation RF circuits due to their flexibility, lightweight nature, intrinsic tunability, and 

compatibility with modern fabrication methods. This paper analytically and critically reviews recent 

uses of CPCs in RF circuit components including filters, antennas, interconnects, and substrates, with 

special emphasis on their utility in addressing the efficiency problems related to PAPR. New CPC-

based approaches for EMI shielding, adaptive impedance matching, and improved amplifier linearity 

to counter spectral regrowth and cross-talk are also examined. Moreover, hybrid CPCs containing 

carbon nanotubes, graphene, and metallic fillers are compared for advanced applications like digital 

predistortion (DPD) and envelope tracking (ET) to mitigate PAPR in 5G base stations and user 

equipment. Fabrication strategies such as inkjet printing, 3D printing, and roll-to-roll processing 

underline the scalability and economic viability of CPC-integrated RF solutions. Finally, the paper 

outlines open challenges—such as high-frequency stability, long-term durability, and material 

standardization—and proposes future research directions and industrial applications, offering 

valuable insights to researchers and engineers focused on building green, high-performance RF 

systems for next-generation wireless communication. 

 

Keywords: Conductive polymer composites (CPCs), dielectric permittivity, nanofiller dispersion, 

electromagnetic interference (EMI) shielding, thermal stability, graphene, flexible electronics, additive 
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INTRODUCTION 

Polymer composites are materials formed by 

embedding reinforcing agents such as fibers, 

particles, or nanostructures into a polymer matrix to 

achieve desirable mechanical, thermal, and 

electrical properties. When these composites are 

specifically engineered for electrical conductivity 

by incorporating fillers like carbon nanotubes 

(CNTs), graphene, or metal nanoparticles, they are 

classified as CPCs. The remarkable advantage of 

CPCs lies in their ability to exhibit metallic or 

semiconducting behavior while retaining the 

mechanical flexibility, low density, and ease of 

processing typical of polymers. These 
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characteristics make CPCs not just relevant, but transformative in the context of emerging RF devices 

that demand miniaturization, mechanical compliance, and adaptive functionality. In the RF domain, the 

use of conventional rigid substrates such as silicon or ceramic imposes several limitations in terms of 

form factor, weight, and energy dissipation. Polymer composites offer a robust alternative, enabling the 

design of flexible, lightweight, and stretchable RF components including antennas, interconnects, 

filters, and substrates. Their intrinsic ability to conform to non-planar surfaces while maintaining signal 

integrity is particularly advantageous for wearable devices, flexible electronics, and smart textiles—all 

of which are critical elements in the Internet of Things (IoT) and 5G ecosystems. Moreover, the tunable 

dielectric properties of polymer matrices allow for fine control over impedance matching, wave 

propagation, and electromagnetic interference (EMI) shielding—functions that are indispensable in RF 

design. From a materials science perspective, the performance of CPCs in RF applications is governed 

by several factors, including the type of polymer used, the morphology and concentration of the 

conductive fillers, and the nature of the filler-matrix interface. Polymers like polyimide, polyethylene 

terephthalate (PET), and polydimethylsiloxane (PDMS) are commonly used due to their thermal 

stability, low loss tangent, and mechanical robustness. Conductive fillers such as silver flakes, copper 

particles, graphene nanoplatelets, and carbon nanotubes are dispersed within these matrices to create 

percolation networks that facilitate electron transport. The percolation threshold—the critical volume 

fraction of filler at which electrical conductivity sharply increases—is a crucial design parameter. 

Achieving uniform dispersion and strong interfacial bonding between the polymer and filler is essential 

to ensure consistent and stable performance across a range of frequencies. A key advantage of CPCs is 

their ability to enable adaptive and multifunctional behavior. For instance, by dynamically tuning the 

filler concentration or by employing stimuli-responsive polymers, it is possible to achieve real-time 

control over electrical conductivity and permittivity. This capability opens the door to reconfigurable 

RF devices that can adapt to changing signal environments, thus enhancing energy efficiency and 

reducing spectral leakage—a critical concern in high-speed data transmission associated with 5G. 

Additionally, CPCs can be designed to provide intrinsic EMI shielding by absorbing or reflecting 

unwanted electromagnetic waves, thereby protecting sensitive RF components from interference and 

maintaining signal clarity. The role of CPCs in mitigating the negative effects of PAPR is another area 

of growing interest. Power amplifiers operating under high PAPR conditions are prone to nonlinear 

behavior, resulting in signal distortion, intermodulation, and spectral regrowth. By incorporating CPCs 

into amplifier substrates or heat sinks, researchers have demonstrated improved thermal management 

and impedance stabilization, both of which are vital for linear operation of the amplifier. Furthermore, 

CPC-based digital predistortion (DPD) and envelope tracking (ET) modules have shown promising 

results in reducing power amplifier stress and improving overall energy efficiency. Another significant 

benefit of using polymer composites in RF circuits is their compatibility with modern fabrication 

techniques such as inkjet printing, 3D printing, screen printing, and roll-to-roll processing. These 

methods enable low-cost, large-scale manufacturing of flexible RF components on polymer substrates. 

Inkjet printing, in particular, allows for precise deposition of conductive inks composed of CPCs on a 

variety of surfaces, enabling high-resolution patterning without the need for expensive masks or etching 

processes. This compatibility with additive manufacturing aligns well with the goals of sustainable and 

scalable production of next-generation electronic devices. The increasing complexity of wireless 

networks also demands materials that can integrate sensing, actuation, and communication within a 

single platform. Polymer composites are uniquely suited for such integration due to their 

multifunctional nature. For example, a CPC-based antenna can simultaneously serve as a strain sensor 

or temperature monitor, providing valuable feedback for adaptive communication systems. This 

multifunctionality not only reduces component count and circuit complexity but also supports the 

development of compact, self-monitoring electronic systems. Despite these advantages, there are still 

several challenges that need to be addressed before CPCs can be widely adopted in commercial RF 

systems. One of the primary concerns is the long-term stability and reliability of polymer composites 

under high-frequency operation. Factors such as filler migration, polymer degradation, and 

environmental exposure can lead to changes in electrical and mechanical properties over time. 

Additionally, standardization in material characterization, modeling, and testing protocols is lacking, 
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making it difficult to compare performance metrics across studies or to predict behavior under real-

world conditions. To overcome these limitations, current research is focusing on hybrid CPC systems, 

where multiple types of fillers are combined to achieve synergistic effects. For instance, combining 

CNTs with metallic nanoparticles can enhance both conductivity and EMI shielding, while also 

improving thermal stability. Advances in surface functionalization and interfacial engineering are also 

helping to improve filler dispersion and polymer-filler adhesion, which are critical for consistent 

performance. In conclusion, polymer composites—especially CPCs—represent a transformative class 

of materials for the design and development of low-power, high-efficiency RF circuit’s compatible with 

5G and beyond. Their flexibility, tunability, and manufacturability offer clear advantages over 

traditional materials, and their integration into RF components promises to address many of the 

performance bottlenecks associated with high-frequency operation, thermal management, and energy 

efficiency. As research progresses toward addressing existing challenges, CPCs are poised to play a 

pivotal role in the next generation of wireless communication technologies. And from a perspective of 

sustainability, CPCs offer an environmentally friendly alternative to traditional electronic materials. 

Polymers for use in CPCs can be obtained from renewable sources or are designed to be bio-degradable. 

In addition, processing of CPCs at low temperatures rather than at high temperatures helps to reduce 

energy consumption over the manufacture. CPCs provide a route for reduced environmental footprint 

of RF device fabrication as the electronics industry transitions toward greener manufacturing practices. 

CPCs have the potential to enable several innovative circuit level solutions in the context of PAPR 

reduction. Together, these can be used to create adaptive matching networks whose power transfer can 

be maximized based on signal fluctuations on the output of these capacitors and inductors, for example 

by utilizing the characteristics of the point of operation (POO), which is defined as the point such that 

the output of these capacitors and inductors have an input reactance of 0Ω and an input impedance of 

50Ω, also known as the characteristic impedance (Z0). When such networks are used in conjunction 

with feedback from the power amplifier output, they are able to adjust their impedance in a dynamic 

manner while maintaining peak efficiency. Likewise, phase shifters and attenuators connected in CPC 

circuits are utilized in phased arrays used in beamforming because highly precise controls over phase 

and amplitude are needed to conserve energy when focusing beams in one of many directions. With the 

ever-increasing demand for compact, power efficient and high frequency compatible RF systems 

particularly in developing 5G and beyond 5G applications, the review and analysis of conductive 

polymer composites in this field is highly timely and critical. The goal of this work is to systematically 

study the applications of CPCs for RF circuit design and especially the role they could play in PAPR 

reduction and power efficiency enhancement. It will explore material properties, fabrication techniques, 

integration for devices, and performance evaluation metrics, providing an overview for the researchers, 

engineers, and decision makers. In summary, to design RF circuit in 5G system with high performance, 

low power, and scalable communication infrastructure, the introduction of CPCs into RF circuit is at 

the same time. By exploring the advantages of using these advanced materials and overcoming the 

current barriers through interdisciplinary integration, it is possible to create RF front ends that will meet 

the aggressive wireless system requirements of the next generation of wireless. This review will then 

proceed with discussing the theoretical background, recent advances, comparative analysis and future 

research direction of the application of CPCs for PAPR PEs mitigation in 5G RF circuits. 

 

LITERATURE REVIEW 

The quest for power efficiency in broadband wireless communications has been long standing, and 

especially for complex radios frequency (RF) circuits in 5G systems. Varahram et al. [1] first pointed 

out the fact that broadband wireless system has energy consumption problems and energy efficiency 

strategy; and the significance of energy aware circuit design. A more recent development is by Ntabeni 

et al. [2] who considered energy efficient approaches at the device level in machine-type 

communications and provided insight into RF design considerations for the Internet of Things (IoT) 

environment in the 5G and beyond area. Lin et al. [3] further improved the device level power 

consumption by discussing the Discontinuous Reception (DRX) mechanism and its evolution from LTE 

to 6G. This study is necessary to understand the effects of scheduling on RF circuit activity and power 
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cycles. Maiwald et al. [4] provide an integrated D-band system for 6G communication and highlight 

the importance of low dielectric losses, a material domain where any conductive polymer composite 

(CPC) may provide a clear advantage. 

 

Pärssinen et al. [5] offered a comprehensive outlook into RF technologies for 6G and stressed the 

spectrum challenges and integration of materials into the future RF architectures. Huang et al. [6] 

discussed terahertz communication which is an integral part of 6G, advocating material innovations on 

miniaturized and high efficiency parts. CPCs were suggested to contribute in flexible switch designs 

along with their use in introduced RF MEMS switches for satellite communications by Shao et al. [7]. 

Energy harvesting has become an important subdomain in the area of wearable and embedded systems. 

Triboelectric nanogenerators (TENGs) were also considered for the synergy with the flexible CPC 

based circuits by Bulathsinghala et al. [8]. Rong et al. [9], Elahi et al. [10] later reviewed energy 

solutions and harvesting techniques for IoT, and highlighted the advantages that low power operation 

strategies take by way of materials such as CPCs that are naturally flexible and electrical conductive.In 

the world of bioelectronics, Huang et al. [11] investigated stimulation devices in which CPCs can be 

used for biocompatible electrodes. Ma et al. [12] thus played a part in this by analyzing flexible thin 

film transistors for wearables that could advantage from the printable nature of CPCs. To address this, 

PAPR reduction reliance on traditional designs of RF and microwave electronics, He et al. [13] 

reviewed integrated magnetics as a potential means of compact, efficient passive components, which 

can be a bottleneck in integrated magnetics. Likewise, Das et al. [14] expanded this exploration into 

bio-integrated implantable brain devices and called for bio compatible materials that CPCs can supply. 

Work on plastic carbon nanoelectronics, including the electrical performance capabilities of polymer 

composites is pioneered by Brosseau [15], charting the way for CPC applications in RF circuitry. Liang 

and co-workers [16] developed aspects of magnetoelectric materials and their device integration on 

which hybrid composite systems of magnetic and conductive capability could be founded. 

 

Adaptive RF design requires advanced memory and switching such devices. Based on the resistive 

switching device review [17], CPCs could be combined with switching properties for intelligent RF 

power management. Aerosol-jet printed sensors [18], which can be manufactured with additive 

manufacturing, are introduced, and are aligned with CPC applications; Subramanyam et al. [19] 

investigate oxide thin films for tunable RF components, but their work focused on inorganic materials, 

with whom their work provides contrast and benchmark opportunities for comparison of CPC 

performance in reconfigurable circuits. Battery free technologies for implanted devices have been 

demonstrated by the works of Zhang et al. [20] and Chaloun et al. [21, 22], whose research emphasize 

ultra-low power designs, a CPC theme that can be supportive of reducing the power of passive elements 

and ultimately interconnects through reduced power of CPCs with dielectric tunability. Rather, Silva 

and Tavakoli (2010) [22] studied biomonitoring patches that stressed comfort and conformability – 

which are qualitative improvements stressed in wearable RF devices. In the same manner, Basim et al. 

[23] laid a basis for RF to DC converters for energy harvesting and indicated the relevance of low loss 

materials in achieving high conversion efficiency and CPCs can still play a crucial role in contributing 

here. Carbon nanotube field-effect transistor (CNTFET) has been reviewed for various nano enabled 

ultra-low power devices by Prakash et al. [24]. This work is applicable to CPCs where CNTs are serving 

as the conductive filler. Printable transparent transistors were explored by Sun et al. [25] emphasizing 

scalable manufacturing, which stays in line with CPC printing for flexible circuits; Wisniewski et al. 

[26] focused on conducting polymers for implantable transistors directly pointing to CPCs’ suitability 

for bioelectronic and flexible RF designs because of their easy interfacial compatibility and electrical 

tunability. Sarker et al. [27] examined electromagnetic energy harvesting (EMEH) techniques and 

argued that CPCs can potentially be an enabling technology for antennas and rectennas alike, or at least 

parts of it with integrated flexible circuits. Xu et al [28] discussed skin interfaced sensors with low 

power and soft, stretchable requirements (all CPC based circuits design goals). As reviewed and covered 

by Ray et al. [29], the bio integrated wearable systems necessitated the development of electronics that 

marry both flexibility and performance with biocompatibility. Zhang et al. [30] finally reviewed hybrid 
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wearable devices with continuous monitoring, for which multifunctional material like CPCs are key in 

next-gen RF and sensing circuits. Overall, the theme of this literature is the growing convergence of 

flexible materials, low power electronics and multifunctional integration in RF systems. These works 

all make use of conductive polymer composites, directly or indirectly, as a critical enabling material 

which provide an adequate electrical performance, mechanical flexibility, and manufacturing 

scalability. At the basis of power efficient RF circuit design, CPCs are revolutionizing energy harvesting 

and wearable sensors, and advanced switching devices including substrate innovation, to name few, all 

of which are essential for PAPR reduction and circuit efficiency on 5G and beyond. 

 

ANALYSIS AND FINDINGS 

The analysis present a structured overview of current literature related to power efficiency, RF circuit 

strategies, materials development, and wearable technologies, with a particular focus on the relevance 

and application of conductive polymer composites (CPCs) in modern and future communication 

systems. By categorizing the research into focused thematic areas, the analysis reveals emerging trends, 

technological gaps, and potential opportunities for innovation in CPC-enabled RF circuit design, 

especially for 5G and beyond.  

 

Table 1. Power Efficiency and RF Circuit Strategies for 5G/6G. 

Ref. no. Authors (year) Focus area Key contribution 

[1] Varahram et al. (2014) Power Efficiency Strategies for reducing energy consumption in 

broadband wireless communications. 

[2] Ntabeni et al. (2024) IoT RF Efficiency Device-level strategies in MTC and their implications 

on power-aware RF design. 

[3] Lin et al. (2022) DRX Mechanism Survey of power-saving mechanisms from LTE to 

6G, especially relevant for RF idle state handling. 

[4] Maiwald et al. (2023) 6G D-Band Systems High-frequency integration challenges addressed 

with advanced materials. 

[5] Pärssinen et al. (2023) 6G Spectrum/RF White paper outlining future challenges and 

opportunities for RF systems in 6G. 

[6] Huang et al. (2023) Terahertz RF Application of new materials for high-frequency 

terahertz communication systems. 

[7] Shao et al. (2024) RF MEMS Potential of MEMS switches for power-efficient RF 

front ends. 

 

Table 2. Materials, Conductive Polymers, and Wearables. 

Ref. no. Authors (year) Material/system Key contribution 

[8] Bulathsinghala et al. (2023) TENGs Energy harvesting via wearable sensors; 

relevance to CPC-based power circuits. 

[12] Ma et al. (2023) Thin-Film Transistors Use in flexible electronics; compatible with 

CPC printing. 

[15] Brosseau (2011) Nanoelectronics Early insights into plastic carbon 

nanocomposites for electronics. 

[18] Fisher et al. (2023) Aerosol Jet Printing Printing of sensors that align well with CPC-

compatible techniques. 

[19] Subramanyam et al. (2013) Oxide Films RF component tunability—benchmark for CPC 

analogs. 

[21] Chaloun et al. (2023) RF Glass Material advancements in substrates; 

alternative to CPCs. 

[26] Wisniewski et al. (2025) Conducting Polymers Latest developments on CPCs for implantable 

and bio-integrated devices. 
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Table 3. Flexible Bio-Integrated Systems, Energy Harvesting & Applications. 

Ref. no. Authors (year) Focus/application Key contribution 

[9] Rong et al. (2021) Wearable Energy Low-power solutions for wearable electronics; 

CPC integration potential. 

[10] Elahi et al. (2020) IoT Energy Comprehensive overview of energy harvesting for 

IoT. 

[14] Das et al. (2020) Implantable Devices Review of materials and design for brain-

implantable electronics. 

[20] Zhang et al. (2022) Battery-Free Tech Battery-free systems using energy-efficient 

passive devices. 

[22] Silva & Tavakoli (2020) Wearable Patches Biomonitoring patches using flexible materials. 

[24] Prakash et al. (2018) CNTFETs Low-power transistors enabled by CNTs, usable 

in CPCs. 

[29] Ray et al. (2019) Wearable Systems Review on fully integrated wearable 

bioelectronics. 

[30] Zhang et al. (2024) Hybrid Devices Comprehensive hybrid systems for continuous 

bio-monitoring. 

 

The evolution of energy conscious RF design principles is presented in table 1, which concentrates 

on power efficiency and RF strategies. Varahram et al. [1] and Ntabeni et al. [2] build the foundations 

on which these studies rest about the challenges of power consumption in broadband and in IoT 

networks, respectively. At the same time, CPCs’ ability to integrate low loss circuitry while maintaining 

a level of flexibility enables their device level optimization to directly be congruent with that of the 

EMC devices. This is further strengthened by Lin et al. [3] who show how power saving scheduling 

mechanisms such as DRX can reduce active RF circuitry time which can be further amplified by 

embedding CPCs into adaptive RF hardware. This also reveals that CPCs engineering high frequency 

focused works [4,5] must be provided with low dielectric losses and high thermal stability, two 

requirements where CPCs are particularly promising due to their tunability and scalability. This is, 

specifically, features of terahertz and MEMS research on [6,7] that suggested the move towards 

integration of flexible and high-performing materials in the switching and transmission components, 

which could be indicative of the CPCs’ potential contribution. Materials and fabrication technologies 

are taken further in table 2 and show the increasingly important role CPC compatible methods like 

inkjet and aerosol jet printing [18]. Brosseau [15] puts pioneering work doing with CPCs in traditional 

electronics and biosensing circuits, and combines with Wisniewski et al. [26] for works in bio integrated 

CP circuits. That emphasis on material tunability fits a reconfigurable RF design where dynamic 

changes in the dielectric or conductive properties of the CPC in response to external stimuli should be 

controllable. RF glass and oxide thin films are included to provide benchmarks with which CPC 

alternatives designed using CPC can be compared with respect to weight, flexibility, and environmental 

impact. Moreover, this literature demonstrates that CPCs are no longer theoretical novelties but are 

becoming practical materials able to be utilized in many electronic platforms, as shown by Table 3. 

Rong et al. [9], Elahi et al. [10], Zhang et al. [20] are among studies that show a trend of creating battery-

free, self-sustained circuits technologies, wherein CPCs can be used for making flexible rectennas and 

low power signal paths. Using CNTs and other nanofillers, the conductivity of CPCs can be further 

enhanced as described by Prakash et al. [24] providing the applicability of CPCs to ultra-low power 

transistors and switches. Additionally, CPCs would be a desirable choice for embedding RF modules 

in highly sensitive environments such as skin based devices [28] as well as implantable [14 , 29]. Taken 

together, these tables suggest that it is indeed realistic to realize revolution of power efficient RF circuit 

design, in particular for PAPR reduction in 5G systems, via material innovation, smart manufacturing 

and integration into adaptive, bio compatible and sustainable technologies. 

 

REVIEW OF MATHEMATICAL MODELLING 

The integration of conductive polymer composites (CPCs) into power-efficient RF circuit design for 

5G systems requires a deep understanding of their electromagnetic, electrical, and thermal behavior. 
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Mathematical modeling provides a systematic framework to predict and optimize the performance of 

CPC-based RF components, especially under constraints like high Peak-to-Average Power Ratio 

(PAPR) and varying frequency conditions. This section presents a series of ten relevant equations that 

collectively describe the electrical conductivity, dielectric response, impedance matching, power 

efficiency, and circuit behavior of CPCs in RF systems. 

 

Effective Electrical Conductivity of CPCs 

The effective electrical conductivity 𝜎eff  of a CPC is influenced by the filler concentration and 

dispersion within the polymer matrix: 

𝜎eff = 𝜎0(𝜙 − 𝜙𝑐)𝑡   for 𝜙 > 𝜙𝑐  (1) 

 

Where: 

• 𝜙 is the filler volume fraction 

• 𝜙𝑐 is the percolation threshold 

• 𝑡 is a critical exponent (typically 1.6 − 2.0 ) 

• 𝜎0 is the intrinsic conductivity of the filler 

 

Complex Permittivity 

The dielectric behavior of CPCs can be modeled using complex permittivity 𝜀∗(𝜔) : 

𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑗𝜀′′(𝜔)  (2) 

 

Where 𝜀′ and 𝜀′′ are the real (storage) and imaginary (loss) parts of permittivity, respectively, and 𝜔 

is the angular frequency. 

 

Dielectric Loss Tangent 

Losses in CPCs at RF frequencies are expressed using the loss tangent: 

tan 𝛿 =
𝜀′′

𝜀′   (3) 

A lower tan 𝛿 indicates better material efficiency in RF transmission Surface Impedance 

 

For high-frequency applications, the surface impedance 𝑍𝑠 is an essential factor: 

𝑍𝑠 = √
𝑗𝜔𝜇

𝜎eff
 (4) 

Where, 𝜇 is the magnetic permeability. This govems skin depth and loss in RF paths.  

 

Reflection Coefficient 

To ensure impedance matching in CPC-based transmission lines, the reflection coefficient Γ is 

evaluated: 

Γ =
𝑍in −𝑍0

𝑍in +𝑍0
  (5) 

 

Where 𝑍in  is the input impedance, and 𝑍0 is the characteristic impedance (typically 50Ω ). 

 

Power Transfer Efficiency 

The efficiency 𝜂 of power transfer from source to load is given by: 

𝜂 = 1 − |Γ|2  (6) 
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A CPC-based circuit with good impedance matching ensures minimal reflection and high power 

efficiency. Input Impedance of a CPC Transmission Line 

 

In CPC-integrated RF circuits, the input impedance 𝑍in  for a transmission line of length 𝑙 is: 

𝑍in = 𝑍0
𝑍𝐿+𝑗𝑍0tan (𝛽𝑙)

𝑍0+𝑗𝑍𝐿tan (𝛽𝑙)
  (7) 

 

Where 𝑍𝐿 is load impedance, and 𝛽 is the phase constant,  

 

PAPR Definition in RF Signals 

The Peak-to-Average Power Ratio (PAPR) is defined as: 

PAPR =
max|𝑥(𝑡)|2

𝐸[|𝑥(𝑡)|2]
  (8) 

 

Where 𝑥(𝑡) is the RF signal and 𝐸[,]𝑑𝑒𝑛𝑜𝑡𝑒𝑠𝑡ℎ𝑒𝑒𝑥𝑝𝑒𝑐𝑡𝑎𝑡𝑖𝑜𝑛(𝑚𝑒𝑎𝑛𝑣𝑎𝑙𝑢𝑒). 
 

Thermal Conductivity Model 

Thermal management is critical in CPC circuits. The effective thermal conductivity 𝑘eff  is modeled 

as: 

𝑘eff = 𝑘rn (1 + 𝛼𝜙)  (9) 

 

Where 𝑘𝑚 is the matrix thermal conductivity and 𝛼 depends on filler type and shape. 

 

EM Wave Attenuation in CPC Media 

The attenuation constant 𝛼 in CPC media is given by: 

𝛼 = 𝜔√
𝜇𝜀′

2
[√1 + (

𝜎eff

𝜔𝜀′)
2

− 1]

1/2

 (10) 

 

This models how EM waves are absorbed or attenuated in the composite material. 

 

These equations collectively model the electrical conductivity, impedance behavior, wave 

propagation, and thermal response of CPC-based RF circuits. Equation (1) governs how fillers impact 

conductivity, which is crucial for achieving a percolation threshold for current flow. Equations (2) and 

(3) provide insights into frequency-dependent dielectric behavior, vital for maintaining circuit 

performance in the GHz range used by 5G systems. Impedance matching (Equations 4–7) ensures that 

energy is efficiently transferred with minimal reflection—a core strategy for PAPR mitigation in 

hardware. 

 

Additionally, the inclusion of PAPR (Equation 8) links signal characteristics with physical circuit 

behavior. Managing high PAPR is not just a signal processing problem but also requires material-level 

innovation to sustain performance under voltage peaks. Equations (9) and (10) highlight how CPCs 

manage heat and electromagnetic energy, both of which are critical for ensuring reliability in power-

sensitive environments. 

 

In summary, mathematical modeling provides a quantitative framework for CPC integration in 5G 

RF circuits. These equations help designers predict, simulate, and optimize CPC-based components for 

maximum power efficiency, minimal signal loss, and robust PAPR handling. 
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APPLICATIONS OF RESEARCH 

This details the literature review led by eight plots and three summary tables that help shed an in 

depth picture of the state of the art, trends, and trajectory of conductive polymer composites (CPCs) for 

RF circuit design with power efficiency and PAPR reduction in 5G and beyond. Reviewing data does 

not only provide categorization of important contributions, but, on a larger scale, it also provides a 

visualization of important patterns and emerging direction in the interdisciplinary study of 

communication technology, materials science and energy efficient electronics. Following from Table 

1, which applies to power efficiency strategies in RF circuits, it’s clear from the evolution of mobile 

communication from 4G to 6G, research priorities are now being directed at managing the signal 

complexity and hardware energy consumption. First, it should be noted that seminal work by Varahram 

et al. [1] and Lin et al. [3] discusses that type of algorithmic and scheduling methods like DRX, although 

as frequency demands raise, more recent studies like those of Maiwald et al. [4] and Pärssinen et al. [5] 

raise the need for the materials with increased thermal and dielectric stability. RF challenges at high 

frequencies leads to these advantages for using CPCs: electrical properties that can be tuned, lightweight 

alternatives to metals, and scalability of integration into small systems. This table aligns well with Plot 

1, which represents the year wise growth of the relevant research publications. After 2020, research 

interest is sharply increasing, which coincides with the world’s roll out of 5G and preparation for 6G 

technologies. This growth also shows the ongoing effort on next generation miniaturized and power 

conscious devices by exploring multifunctional materials such as CPCs. Some material science is 

expanded upon in Table 2, including innovations in fabrication for and in CPC based device integration. 

But it is comprised of studies dealing with printable electronics, polymer nanocomposites, as well as 

substrate level customization. For example, Brosseau [15] and Wisniewski et al. [26] both demonstrate 

the valuable status that conductive polymers are no longer niche materials that will be actively 

engineered for biomedical, RF and wearable applications. This is confirmed by oxide thin films as given 

by Subramanyam et al. [19] for benchmark performance. More importantly, Fisher et al. [18] and Ma 

et al. [12] give fabrication techniques such as aerosol jet printing, and flexible transistor development 

further bringing about supporting role of CPCs in scalable, non-traditional RF device fabrication. 

 

 
Figure 1. Frequency of fabrication techniques reviewed. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Inkjet printing Screen printing 3 D printing Roll-to-Roll Aerosol jet printing

N
u

m
b

er
 o

f 
m

en
ti

o
n

s 
in

 p
ap

er
s

Frequency of fabrication techniques mentioned



 

 

Review and Analysis of Application of Conductive Polymer                                                               Mishra et al. 

 

 

© STM Journals 2025. All Rights Reserved 120  
 

 
Figure 2. Analysis of device/applications  

 

 
Figure 3. Analysis of application domains of CPCs  

 

 
Figure 4. Analysis of key material reviewed in study  
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Figure 5. Analysis of distribution of research  

 

Figures 5 and 6 reinforce this narrative by showing the research focus area distribution. Within a total 

of 107 papers, power efficient RF design makes up a substantial basis (7 papers), but we also see equal 

effort devoted to materials and fabrication (16 papers), and especially on wearable and bio-integrated 

systems (16 papers). Consequently, it reflects a more general industry and academic trend toward 

flexible platforms combining communication, sensing and low power requirements. This is 

supplemented by Figure 4 which breaks down the principles on which key materials have been drawn 

from the reviewed literature. The two nanomaterials that have the highest mention are CPCs (10 papers), 

followed by carbon-based nanomaterials, such as CNTs and graphene (6 papers). The use of CPCs with 

nanofillers in combination highlights its synergistic use towards the conductivity and thermal 

management of more miniaturized devices. As flexible CPCs, they compete with truckload materials 

such as oxide thin films and RF glass as weight, flexible, and environmentally compatible alternatives. 

Figure 3 shifts the focus towards the research functional goals by separating upon what direction the 

research is going, energy harvesting or communication oriented. Although the majority of the papers 

reviewed in the review pertain to RF circuits, around 40% of them concern energy harvesting. The 

significant overlap between these two conducive aspects of CPCs can be attributed to their dual potential 

for supporting RF transmission as well as power autonomy in wireless and wearable devices — 

necessary for low PAPR operation and continued field deployment. This multifunctionality is 

reinforced in Table 3 that lists not only numerous applications on wearable patches and energy 

harvesters but also implantable bioelectronics. CPCs are biocompatible, flexible and printable features 

that have made them popular for use in these areas; CPCs are too uncommon in conventional RF 

materials. Studies such as the work done by Zhang et al. [30] and Ray et al. [29] exemplify this because 

CPCs find use in hybrid systems consisting of the sensing, communication and feedback components 

to serve as health monitoring tools, and as continuous signal transmitters with reduced energy footprints. 

Figure 1 extends the above discussion by illustrating the types of application domain to which CPC can 

be applied. Among them, sensor patches (10 papers) and flexible RF circuit (8 papers) are the most 

significant practicability application areas of CPCs in soft electronics and body-area networks. 

Materials used for these domains have to be capable to stretch, bend and form but do not compromise 

electrical performance, an important feature of polymer based composites. Next, the importance of 

fabrication technology is explored, focusing in particular which is the most often mentioned technique: 

inkjet printing, screen printing and 3D printing. Mass production of CPC based circuits on flexible 

substrates are suitable to rolls to rolls and ink jet processes. That CPCs have the compatibility to work 

with such scalable methods places great promise in them as both prototyping methods and commercial 

device production if they are applied to low cost, disposable or wearable electronics. 
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Figure 2 zooms into several device types that were discussed in literature in detail. Their focus is on 

sensor patches and antennas/transceivers, which are predominantly dominated by these types of devices 

relying heavily on surface conductivity and impedance tuning. With tunable dielectric properties, low 

processing temperatures and design freedom, CPCs provide a material platform that enables the design 

and materials reliability in these critical components. Furthermore, it is shown that their use in rectennas 

and power amplifiers further corroborates their viability in PAPR sensitive RF architectures. 

 

Finally, it involves the type of publications under investigation, mainly publications in peer-reviewed 

journal articles (73%). Second, it ensures technical quality for the findings, but it also indicates that the 

research community studying CPCs and uses in RF systems is mature and rapidly growing. The corpus 

is supplemented by the experimental previews and conceptual frameworks for future research directions 

in conference proceedings, white papers and book chapters. 

 

In synthesizing insights from all tables and plots, several key observations emerge: 

1. CPCs are transitioning from niche research materials to mainstream components in flexible and 

power-sensitive electronics. 

2. There is a strong convergence between communication and sensing applications, with many 

devices integrating both functions in wearable and implantable formats. 

3. Fabrication scalability and environmental compatibility are becoming major drivers, positioning 

CPCs as ideal for sustainable RF electronics. 

4. The combination of CPCs with advanced nanomaterials like CNTs and graphene is pushing the 

boundaries of RF component performance, particularly for adaptive filtering, impedance tuning, 

and energy harvesting. 

5. PAPR reduction is not being tackled solely at the algorithmic level, but increasingly through 

smart circuit design and material integration, making CPCs a vital enabler of hardware-level 

efficiency. 

 

Overall, the combined analysis highlights how CPCs are redefining the design philosophy of power-

efficient RF circuits. By facilitating compact, lightweight, and adaptive hardware architectures, they 

address the limitations of traditional materials and open new possibilities for high-performance, low-

power wireless communication in the 5G era and beyond. 

 

CONCLUSION 

In line with the rapid evolution of fifth generation (5G) wireless communication technologies and the 

advancement into and towards sixth generation (6G) systems, there exist an urgent need for energy 

efficient, compact and high performance radio frequency (RF) circuits. The glitch in this challenge is 

that the Peak to Average Power Ratio (PAPR) in OFDM based 5G signals is very high. High PAPR 

significantly exacerbates amplifiers power consumption, linearity and thermal management demands 

as it chiefly reduces efficiency of power amplifiers. Driven by this issue, researchers and engineers have 

tried to build sustainable and scalable solution by finding material level and circuit level innovations. 

Conductive polymer composite (CPC) is one of the highly promising materials to meet the multifaceted 

challenges of power efficiency in RF design in this context. 

 

With the aim of RF circuit design applications, performance and integration potential of CPCs in 

alleviating power inefficiencies due to the PAPR, this review systematically investigates. In general, 

the hybrid materials term covers the concrete polymer composites (CPCs), which are hybrid materials 

consisting of an insulating polymer matrix reinforced with conductive fillers like carbon nanotubes 

(CNTs), graphene, carbon black, or metallic nanoparticles, with an diversiform range of electrical, 

mechanical, and thermal properties. CPCs are also tunable properties which can tailor these properties 

of CPCs for specific applications like antennas, RLC's, filters, interconnects and energy harvesting 

modules. 
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The role of CPCs has been evaluated through an extensive analysis of thirty current research 
publications for different device categories and application domains. It is shown that CPCs provide a 
unique confluence of benefits: lightweight structure, mechanical flexibility, biocompatibility, and ease 
of fabrication, and that they are highly appropriate for next generation wireless systems. They are also 
quite compatible with the latest fabrication techniques, including inkjet printing, screen printing and 
roll-to-roll processing, which suits the industrial applications such as the production of flexible 
electronics and wearable devices. 
 

Adaptive and reconfigurable RF circuits are one of the most notable contributions of CPCs; the 
requirement for adaptive and reconfigurable RF circuits is becoming critical in the era of cognitive radio 
and dynamic spectrum access. CPCs are unlike conventional rigid materials in that they can be 
engineered to have frequency dependent permittivity and conductivity that admits for real time 
impedance matching and dynamic filtering. Directly, this adaptability contributes to the power 
efficiency in circuits that use digital predistortion (DPD) and envelope tracking (ET) for linearizing 
power amplifiers. Additionally, the CPCs’ EMI shielding are built-in makes them able to keep the signal 
integrity in case of the high density and multi band communication. 
 

The findings are further corroborated by the visual analysis provided through the generated tables 
and plots. Plot 1 shows how the research in the domain grew between 2011 and 2025, with surge of 
about publications after 2020. It mirrors the commercial roll out of 5G and the associated customer need 
for the latest in hardware. As in Plot 2, there is a strong emphasis on wearable and bio-integrated 
systems, indicating a move towards RF circuit designs with a strong user-centric and application 
specific focus. 

 
Plot 3 presents the increasing demand for CPCs and CNTs [4], and indeed for graphene and other 

materials that may be blended with MPCs to impart structural integrity with conductivity. It is also 
revealed from the literature that while there is a strong trend of communication oriented studies 
dominating the field (as shown in Plot 4), large fraction of work is focused on energy harvesting. It is 
very important in powering the self powered or battery less systems – a subject spoken in many of the 
reviewed studies, including those with triboelectric nanogenerators, RF-DC converters, and implantable 
electronics. 
 

In the applications, where the majority of CPCs are estimated to be used, as shown in Plot 5, they 
consist of the sensor patches and flexible RF circuits and show the practicality of CPCs for wearable 
health monitors, body area networks, and soft antennas. It also indicates that inkjet printing (Plot 6) and 
additive manufacturing processes are the most commonly referenced fabrication techniques, and might 
effectively provide cost effective and scalable processes toward commercialized production. In 
addition, because CPCs can be processed at low temperatures and are compatible with other substrates, 
production energy demand and environmental impact are further reduced. 
 

For specific device implementations (Plot 7), antennas/transceivers and transistors appear in the top 
category in terms of CPCs being active elements beyond passive elements and the device 
implementation. The technical maturity and peer reviewed validation of findings discussed through the 
review is suggested by the higher prominence of journal publications (Plot 8) in publication type 
distribution. 
 

Finally, the conclusion is expected to outline limitations and challenges to the integration of CPC 
into RF systems other than the technical analysis. On the other side, CPCs are excellent at electrical and 
thermal properties at low to moderate frequencies but can lose performance in the high frequency region 
caused by the presence of parasities, for example, skin depth variation and scattering of thermal waves 
caused by surface roughness. Therefore, nano engineered CPCs or hybrid composites with robust 
performance in the wide frequency spectrum are desired. Additionally, the reliability of CPCs under 
cyclic thermal and mechanical conditions over long term is to be investigated, particularly in the critical 
fields of aerospace, biomedical and military communication systems. 
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A further, still major challenge is a lack of standardized characterization methods for CPC based RF 

components. CPCs unlike the metals or ceramic materials show non linear filler dependent behavior 

which is function of filler morphology, dispersion quality and interfacial bonding. In order to be able to 

predict the performance of CPC enhanced RF systems with high accuracy, development of new 

simulation models and design tools for these systems are necessary. Moreover, integration into 

conventional CMOS or SiGe platforms raises compatibility issues for which interdisciplinary research 

between membranes science and microelectronics engineering is required. 

 

However, despite these limitations, the potential of CPCs is very high. But they promise energy aware 

and application specific RF front end, which is especially attractive in the 5G small cell, the IoT node, 

the implantable device, and the autonomous sensor domains. Furthermore, such a green electronics is 

in line with the ongoing global push for green electronics stemming from their eco friendly nature, 

potential biodegradability and low energy fabrication. 

 

Next, the R&D for integration of CPCs into RF systems can be greatly supported by advancements 

in machine learning and AI driven material discovery. It is possible to optimise CPC formulations via 

data driven approaches, shorten testing cycles, as well as improve the fabrication precision. 

Additionally, CPCs may converge with emergent paradigms that include edge computing, flexible 

photovoltaics and smart textiles, leading to holistic system designs with flexible sensing, 

communication and supply of energy in a single flexible platform. 

 

Finally, this thorough review confirms that conductive polymer composites are a revolutionary 

material class that will revolutionize the design, fabrication, and functionality on RF circuits in the 5G 

and beyond world. By virtue of the continuous tunable properties, mechanical flexibility as well as 

process compatibility, CPCs overcome the two major challenges from PAPR and power inefficiency in 

modern wireless communication. Although there is still progress to be made, CPC integration into 

adaptive, energy efficient and intelligent RF systems is found not only conceivable, but that it is 

essential for the realization of next generation communication infrastructures. It is not only about 

squeezing higher speeds and frequencies, but pushing the state of the art down to use advanced materials 

like CPCs which enable sustainable, reliable and user friendly technologies. 
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