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ABSTRACT 

 
Compact, energy-saving and high-performance Radio Frequency (RF) front-end architectures are required to support the rapid 

development of wireless communication systems, from 5G and upcoming 6G systems through to millimeter wave systems. High 

gain, low noise figure, wide bandwidth, and strong linearity are all essential qualities for a conventional RF front-end design, and 

it is difficult to achieve all these design goals within the criteria of reduced size and low power consumption. As they become 

more numerous and frequent, these constraints become increasingly significant at higher operating frequencies and with growing 

multi-band communication needs. To tackle these challenges, this paper suggests a compact RF front-end design framework that 

combines multi-parameter optimization, improved impedance matching, and performance-aware architecture modeling. The 

proposed approach optimizes gain, noise figure, bandwidth, linearity and power efficiency all at the same time to provide 
balanced and stable high frequency performance. This design reduces the complexity of hardware and further improves the signal 

integrity, which in turn boosts the overall transmission efficiency and power efficiency. The presented compact RF front-end 

architecture showed better performance in various RF parameters. An overall signal classification accuracy of 99.3% was 

achieved, where precision stood at 98.1%, recall was 98.7%, F1 score was 98.4%, and AUC-ROC was 99.1%, signifying effective 

signal discrimination. The gain stability ranged from 21.4 dB to 22.5 dB in the frequency band of 2–12 GHz, whereas the noise 

figure ranged between 1.8 and 2.3 dB. The maximum efficiency of bandwidth for the architecture was 98.1%. The small/portable 

and easy to scale framework allows for adaptability to portable devices, base stations, and future wireless network deployments.  

 

Keywords: Bandwidth Optimization, Compact RF Front-End, High-Speed Communication Systems, Radio Frequency Design, S-Parameters, 
5G Wireless Systems. 

 

 
1. INTRODUCTION 

 

The demand for efficient and compact RF front-end 

architectures has risen sharply with the development of high-

speed wireless communication systems like 5G, satellite 

communication [1], Internet of Things (IoT) and next 

generation Wi-Fi [2]. The modern communication system 

demands high data rate, low latency, low power consumption 
and high spectral efficiency [3]. The RF front-end, the part of 

the system between the antenna and the BB processing unit, is 

critical to the overall system performance to meet these 

requirements [4]. 

 

The main elements of an RF front-end are Low Noise 

Amplifiers (LNA), Power amplifiers (PA), Mixers, Filters, 

Switches and Matching Networks [5]. They should be highly 

efficient, stable and should minimize noise, distortion and high 

linearity at high frequencies and maintain the signal integrity 

[6]. The design of a small RF front-end, however, is not 
without its challenges such as parasitic effects, constraints on 

impedance, thermal management and potential 

electromagnetic interference, particularly at the microwave 

and millimeter-wave frequencies [7]. 

 

Recently, miniaturization and integration have become the key 

trends in RF front-end designs, and system-on-chip (SoC) and 

system-in-package (SiP) technology are highlighted [8]. High 

integration density and good performance are achieved with 

advanced semiconductor technologies like CMOS, GaN and 

SiGe [9].  The aim of this research is to design an optimized 

and compact RF front-end design for high-speed 

communication systems [10]. The design proposed seeks to 

meet the goals of better gain, noise performance [11], 
bandwidth efficiency and power optimization while keeping 

the physical footprint low [12]. The study uses these 

simulation and performance analyzes to study the key 

parameters of the compact design approach, including return 

loss, gain, noise figure, linearity, and power efficiency [13]. 

Results of this research help in the development of the next 

generation wireless communication system to resolve the key 

size-perform-power efficiency of the RF front-end design 

[14]. 

 

1.1 Hypothesis 

H1: A compact RF front-end architecture can obtain high gain 

performance similar to the conventional larger size RF front-

end designs. 
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H2: The proposed small size design will provide low noise 

figure for high speed communication. 

H3: Linearity performance will not be significantly degraded 

by miniaturization of RF front-end components based on 

advanced semiconductor technologies (CMOS/SiGe/GaN). 
H4: The front-end design will be compact and will exhibit 

power savings over traditional discrete component-based 

designs. 

H5: The optimized compact RF front-end will be used for high 

data rate transmission for 5G and future communication 

systems. 

 

1.2 Research Contributions 

 

1. An innovative compact RF front-end architecture is 

developed for high-speed communication systems to 

achieve high performance with compact size and 
hardware footprint. 

2. An optimization framework that optimizes several 

parameters is developed, and gain, noise figure, 

bandwidth, linearity and power consumption are 

optimized simultaneously in an integrated manner. 

3. The architecture delivers lower signal distortion, phase 

noise and interference, improving overall signal integrity 

and transmission stability. 

4. It enables a multi-band and scalable system deployment 

for 5G, emerging 6G, satellite and high-speed wireless 

applications. 

 

2. LITERATURE SURVEY 

According to Iqbal et al. [1] a self-quadruplexing antenna 

based on the SIW cavity was suggested for use in RF front-

end miniaturized applications. The design involved the use of 

four non-uniform resonators at ISM, 5G, WLAN, and Wi-Fi 

bands to allow multi-channel transmission with high channel 

isolation. The resulting design exhibited high efficiency and 

gain with small size. Al Jamal et al. [2] proposed an RF front-

end architecture based on the additive manufacturing 

technique for 5G and millimeter wave applications. By using 

inkjet and screen-printed RF Vertical Interconnect Accesses 

(VIAs), Al Jamal and Tentzeris incorporated active/passive 

components into a conformal multilayer structure, resulting in 
miniaturization, flexibility, and low insertion loss. This 

architecture can be applied to wearable devices, UAVs, and 

smart-city communication systems.  

In their work, Zhang et al. [3] investigated the resource 

allocation in millimeter wave train-ground communication 

networks for fast railways. For bandwidth allocation between 

base stations and mobile relays, the authors have formulated a 
nonlinear optimization problem. They used the SQP algorithm 

for solving the optimization task. Liu et al. [4] studied the use 

of Reconfigurable Intelligent Surface (RIS) in high-speed train 

communications to increase the coverage probability and 

communication distance. They developed closed-form 

mathematical formulations for coverage analysis and used 

optimization techniques to find RIS positions and phase shifts.  

Thavai et al. [5] designed a radio frequency up/down converter 
using the SDR and GNU Radio. It facilitated frequency 

conversion from C/Ku bands to L-band and provided real-time 

processing capabilities. Being an open-source solution, the 

design was flexible, affordable, and easily reconfigurable. 

Dual band RF energy harvesting rectifier based on graphene 

nanoribbon tunnel field-effect transistor was introduced by 

Choudhuri et al. [6]. Running at frequencies of 900 MHz and 

2.45 GHz, the rectifier attained power efficiency values of 
86.23% and 81.60%, respectively. This study confirmed the 

viability of efficient RF energy harvesting systems for wireless 

sensor networks and portable electronics.  

Campanella et al. [7] discussed monolithic multiband RF 

front-end MEMS module comprising bulk acoustic wave 

filters, Lamb wave filters, and RF switches. Vertical 

integration of the system-on-a-chip approach reduced the area 

of the module by 50% in comparison with traditional System-
in-Package architecture. A wireless-powered Internet of 

Things network employing a STAR-RIS was presented by Du 

et al. [8], where sensors could perform energy harvesting and 

communication through phase shift optimization and time 

allocation. The researchers applied the approaches of 

Lagrange dual optimization and Majorization-Minimization 

for maximizing throughput. The limitations of the traditional 

models are presented in Table 1. 

Table 1: Limitations of Traditional Models 
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2.1 Problem Statement 

The performance demands on RF front-end architectures have 

risen dramatically due to the rapid development of high-speed 

communication systems like 5G, next-generation 6G 

networks, satellite communication and millimeter-wave 

wireless technologies [15]. Modern communication systems 

demand large bandwidth with high data rate, low latency and 

less distortion to the signal as well as having to fit into small 

packages and consume low power consumption [16]. 

However, the conventional RF front-end designs have 

difficulties in simultaneously achieving high gain, low noise 

figure, wideband impedance matching, and high linearity, 

without increasing the complexity and power consumption of 
the hardware [17]. This presents a serious design conundrum 

of balancing performance, space and energy efficiency [18]. 

 

Current RF front-end designs are dependent on a large number 

of discrete components and a fixed parameter setting for the 

different bands of operation and changing channel conditions 

[19]. Besides, as the operating frequency moves towards 

millimeter-wave bands, the parasitic effects, signal losses, 
thermal instability, and electromagnetic interference grow, 

further impairing the system performance [20]. Futhermore, 

current optimization strategies usually involve optimizing one 

parameter (like the gain or noise figure), and do not consider 

the multi-variate relationships between bandwidth, linearity, 

power efficiency and impedance matching [21]. This 

disjointed optimization approach can lead to suboptimal 

overall system performance [22]. 

 

Furthermore, the need for smaller and more portable 

communication devices demands RF front-end modules with 

smaller size and lower computational complexity [23]. But, 
reducing the size often comes with its own set of problems like 

a greater coupling effect, isolation issue and noise and 

interference sensitivity [24]. Thus, it is imperative that an 

integrated and compact RF front-end design framework is 

developed that can optimize various performance parameters 

simultaneously, at the same time ensuring stability, scalability 

and energy efficiency [25]. 

 

To overcome these challenges, a structured and performance-

aware compact RF front-end optimization approach is 

necessary to guarantee reliable operation under high-speed 
communication environment. The goal of the proposed work 

is to address the drawbacks of the existing RF architectures, 

involving a compact, multi-parameter optimized design for 

next generation wireless systems. 

 

3. PROPOSED MODEL 

The proposed model introduces a highly integrated and 

compact RF front-end architecture specifically tailored for 

high-speed communication applications like 5G, Wi-Fi 6/7, 

satellite communication, and millimetre-wave applications. 

The primary goal of the model is to design high gain, low noise 

figure, broad bandwidth, high power efficiency and a compact 

system. The design is for miniaturization but is not at the 

expense of signal integrity or communication performance, 

and can be used for modern portable and embedded wireless 
devices [26]. 

 

Integrated architecture is proposed including a basic RF front-

end with an antenna interface, RF switch, bandpass filter LNA, 

mixer, local oscillator (LO), power amplifier (PA) and 

impedance matching circuits in a compact module. High-

frequency RF signals are received by the antenna and then 

amplified or switched through a low loss RF switch to either 

select transmission or reception. A bandpass filter is applied to 

remove unwanted frequency components and unwanted 

external interference such that only the desired frequency band 

is passed on to further processing.  
 

3.1 Dataset Description 

The performance evaluation of the proposed compact RF 

front-end design is supported using the Real-World Wireless 
Communication Dataset available on Kaggle 

(https://www.kaggle.com/datasets/siddss/real-world-wireless-

https://www.kaggle.com/datasets/siddss/real-world-wireless-communication-dataset
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communication-dataset). The data is collected from real RF 

signals from modern wireless communications standards 

including Wi-Fi, LTE, and 5G, which allows you to study the 

behavior of signals in a realistic wireless environment. It 

contains raw RF samples in various frequency bands which 
can be used to measure parameters like amplitude, noise 

properties, interference, and bandwidth utilization. It is 

possible to simulate the main RF front-end parameters, such 

as gain, noise figure, return loss, and linearity of the proposed 

compact architecture and validate it using the provided dataset, 

which will provide an understanding of the behavior of the 

compact architecture in real high-speed communication 

environments. The proposed model architecture is shown in 

Figure 1. 

 

 
 

Fig 1: Proposed Model Architecture 

 

The symbols used in the proposed model and their usages are 

indicated in Table 2. 

Table 2: Nomenclature 

 

Symbol Description 

𝑓 Operating frequency of the RF system 

𝐵𝑊 
Bandwidth of the communication 
system 

𝐺 Gain of the amplifier (LNA/PA) 

𝑁𝐹 Noise Figure 

𝑆11 Input return loss (reflection coefficient) 

𝑆21 Forward transmission gain 

𝑃𝑖𝑛  Input power 

𝑃𝑜𝑢𝑡  Output power 

𝑃𝐴𝐸 Power Added Efficiency 

𝐼𝐼𝑃3 
Input Third-Order Intercept Point 

(linearity measure) 

𝑍0 Characteristic impedance (usually 50Ω) 

𝑉𝑅𝐹  RF signal voltage 

𝐿𝑂 Local Oscillator signal 

𝐼𝐹 Intermediate Frequency 

𝜆 Wavelength of operating signal 

𝜂 Efficiency of the RF front-end 

𝑇 Operating temperature 

𝑄 Quality factor of resonant circuit 

𝐿 Inductance 

𝐶 Capacitance 

 
 

3.2 Pre-processing 

The pre-processing stage pre-processes the acquired RF signal 

data for performance evaluation and simulation of the 
proposed compact RF front-end. RF signals in the real world 

are noisy, with amplitude variations and with various forms of 

interference, so signal conditioning is needed before analysis. 

The preprocessing involves modeling the signal, filtering, 

norm, frequency transformation, and signal quality estimation 

to assure accurate evaluation of RF performance parameters. 

The received discrete-time RF signal is modeled as the sum of 

the desired signal and noise: 

 

𝑥(𝑛) = 𝑠(𝑛) + 𝑤(𝑛)             (1) 
 

where 𝑥(𝑛)indicates received signal, 𝑠(𝑛)is the useful signal 

component, and 𝑤(𝑛)denotes additive noise. 

To suppress unwanted noise and interference, a Finite Impulse 

Response (FIR) filter is applied: 

 

𝑦(𝑛) =∑ ℎ(𝑘) 𝑥(𝑛 − 𝑘)
𝑀

𝑘=0
 (2) 

 

where ℎ(𝑘)is the filter impulse response and 𝑀is the filter 

order. 

Signal normalization is performed to scale the amplitude 
within a fixed range and prevent distortion during processing: 

 

𝑥𝑛𝑜𝑟𝑚(𝑛) =
𝑥(𝑛)

max⁡(∣𝑥(𝑛)∣)
            (3) 

 

The spectral representation of the signal is obtained for 

frequency-domain analysis using the FFT: 

 

𝑋(𝑘) = ∑ 𝑥(𝑛) 
𝑁−1

𝑛=0
𝑒−𝑗2𝜋𝑘𝑛/𝑁  (4) 

 

where 𝑁is the total number of samples. 

The Power Spectral Density (PSD), which helps evaluate 

bandwidth and signal strength, is calculated as: 

 

𝑃𝑆𝐷(𝑘) =
∣𝑋(𝑘)∣2

𝑁
            (5) 

 

To measure signal quality, the Signal-to-Noise Ratio (SNR) is 

computed using: 

 

𝑆𝑁𝑅 = 10log⁡10 (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
)            (6) 

 

The proposed compact RF front-end design is tested for its 

proper performance by using the preprocessing steps, which 

makes the RF signal data clean, normalized, and transforms it 

into both time and frequency domain. 

 

https://www.kaggle.com/datasets/siddss/real-world-wireless-communication-dataset
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3.3 Data Pre-Processing and RF Filtering & Feature 

Extraction 

The signal received at the antenna is generally distorted by the 

channel impairments and imperfections in the receiving 

equipment, as well as by noise and interference. The received 

signal at the discrete time can be represented as 

 

𝑥(𝑛) = 𝑠(𝑛) + 𝑤(𝑛)  (7) 
 

where 𝑥(𝑛)represents received RF signal, 𝑠(𝑛)represents the 

desired signal component, and 𝑤(𝑛)corresponds to additive 

white Gaussian noise (AWGN). 

 

Digital filtering techniques are used for noise removal to 

improve the signal quality. A Finite Impulse Response (FIR) 

filter is used to eliminate unwanted out-of-band noise and 

interference and can be mathematically written as 

 

𝑦(𝑛) =∑ ℎ(𝑘)𝑥(𝑛 − 𝑘)
𝑀

𝑘=0
 (8) 

 
M is the order of the filter and h(k) is the filter's impulse 

response function. This helps clean the signal up before 

moving on to other processing. To keep the amplitude 

consistency and avoid amplitude distortion when scaling is 

done during feature extraction, normalization is done as 

follows: 

 

𝑥𝑛𝑜𝑟𝑚(𝑛) =
𝑥(𝑛)

max⁡(∣𝑥(𝑛)∣)
 (9) 

 

The preprocessed data is then analyzed in the frequency 

domain to extract meaningful features from the RF data. The 

FFT is used to transform the time domain signal to its spectral 

representation: 

 

𝑋(𝑘) = ∑ 𝑥(𝑛)
𝑁−1

𝑛=0
𝑒−𝑗

2𝜋𝑘𝑛

𝑁  (10) 

 
N represents the number of samples and X(k)represents the 

frequency-domain signal.Nis is the total number of samples 

and X(k) is the frequency-domain signal. The Power Spectral 

Density (PSD), which is used to assess the bandwidth and 

distribution of signal power, is computed as 

 

𝑃𝑆𝐷(𝑘) =
∣𝑋(𝑘)∣2

𝑁
 (11) 

 

Additionally, the Signal-to-Noise Ratio (SNR), which 

indicates signal quality improvement after preprocessing, is 

computed as 

 

𝑆𝑁𝑅 = 10log⁡10 (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
)  (12) 

 

The processing and feature extraction work is done in order to 

denoise the RF signal and normalize and transform it into both 

time and frequency domain that is needed to evaluate the key 
performance metrics. 

 

 

 

 

Algorithm: Data Pre-Processing and RF Filtering & 

Feature Extraction 
 

Input: 

Raw RF Signal Dataset 𝐷 = {𝑥1, 𝑥2, … , 𝑥𝑛}, 
Filter Parameters ℎ(𝑘), 
Normalization Range [0, 1] 
Output: 

Extracted RF Feature Set 𝐹 = {𝑓1 , 𝑓2 , … , 𝑓𝑚} 
 

1. Data Pre-Processing 

a. Initialize Preprocessed Dataset 𝐷𝑝 ← ∅ 

b. For each RF sample 𝑥𝑖 ∈ 𝐷: 

i. Apply digital FIR filtering to remove noise and 

interference 

ii. Normalize signal amplitude using min–max 

normalization 

iii. Compute Signal-to-Noise Ratio (SNR) improvement 

iv. Add processed sample to 𝐷𝑝 

 
 

2. RF Filtering and Feature Extraction 

a. Initialize Feature Set 𝐹 ← ∅ 

b. For each preprocessed signal 𝑥𝑖 ∈ 𝐷𝑝: 

i. Apply FFT 

ii. Compute Power Spectral Density (PSD) 

iii. Extract spectral features (Bandwidth, Peak Frequency, 

Signal Power) 
iv. Compute statistical descriptors (mean, variance, spectral 

entropy) 

v. Construct feature vector 𝑓𝑖 
c. Aggregate all feature vectors into final feature set 

𝐹 = {𝑓1 , 𝑓2, … , 𝑓𝑚} 
Return: 

Extracted RF Feature Set 𝐹 

 

3.4 Compact RF Front-End Optimization and 

Performance Evaluation 

Post-processing and feature extraction removes the need for 

any extra processing steps, then the compact RF front-end 

optimization module is optimized to provide the highest gain, 

lowest noise figure and best impedance matching for 
maximum power transfer. The gain of an amplifier stage is 

given by:  

 

𝐺 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
            (13) 

 

and in logarithmic (dB) form as 

 

𝐺𝑑𝐵 = 20log⁡10 (
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
)           (14) 

 

where 𝑉𝑖𝑛and 𝑉𝑜𝑢𝑡represent the input and output voltages of 
the RF amplifier stage, respectively. 

 

The noise performance of the front-end is characterized using 

the Noise Figure (NF), expressed as 

 

𝑁𝐹 =
𝑆𝑁𝑅𝑖𝑛

𝑆𝑁𝑅𝑜𝑢𝑡
 (15) 
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and in decibel form as 

 

𝑁𝐹𝑑𝐵 = 10log⁡10(𝑁𝐹)  (16) 
 

To ensure efficient power transfer between RF stages, 
impedance matching is evaluated using the reflection 

coefficient Γ, given by 

 

Γ =
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
            (17) 

 

where 𝑍𝐿 is the load impedance and 𝑍0 is the characteristic 

impedance (typically 50Ω). The input return loss 𝑆11is then 

computed as 

 

𝑆11 = −20log⁡10 ∣ Γ ∣  (18) 
 
The linearity of the RF front-end is investigated in terms of 1-

dB compression point (P_1dB), which is the output power at 

which the gain is reduced by 1 dB from the linear gain. 

Besides, the Power Added Efficiency (PAE) for the power 

amplifier is obtained as 

 

𝑃𝐴𝐸 =
𝑃𝑜𝑢𝑡−𝑃𝑖𝑛

𝑃𝐷𝐶
 (19) 

where 𝑃𝑜𝑢𝑡 is output RF power, 𝑃𝑖𝑛 is input RF power, and 

𝑃𝐷𝐶is the DC power supplied. 

 

Algorithm: Compact RF Front-End Optimization and 

Performance Evaluation 

Input: 

Extracted Feature Set 𝐹, 

Design Constraints (Gain, NF, Impedance, Power), 

Initial RF Parameters 𝑃0  

Output: 

Optimized RF Front-End Parameters 𝑃∗, 
Performance Metrics Report 

 

1. Compact RF Front-End Optimization 

a. Initialize Parameter Set 𝑃 ← 𝑃0  

b. While optimization criteria not satisfied: 

i. Compute amplifier gain𝐺 

ii. Evaluate Noise Figure (NF) 

iii. Calculate reflection coefficient Γand return loss 𝑆11 

iv. Adjust matching network and bias parameters 

v. Update parameter set 𝑃 

c. Store optimized parameters 

𝑃∗ = argmin(𝑁𝐹, ∣ 𝑆11
∣) subject to gain and power constraints 

2. Performance Evaluation 

a. Compute performance metrics: 
i. Gain in dB 

ii. Noise Figure (NF) 

iii. 1-dB Compression Point 𝑃1𝑑𝐵 

iv. Power Added Efficiency (PAE) 

v. Bandwidth (BW) 

b. Compare obtained results with target specifications 

c. Generate final performance report 

 

Return: 

Optimized RF Front-End Parameters 𝑃∗and Performance 
Evaluation Results 

 

 

3.5 Optimized High-Speed Communication Output 

Following optimization and performance testing, the proposed 

system ensures reliable high-speed data transmission with 

better signal integrity and spectral efficiency. The optimized 

output signal is shown as 

 
𝑦𝑜𝑝𝑡(𝑡) = 𝐺𝑜𝑝𝑡 ⋅ 𝑥(𝑡)  (20) 

 

where 𝐺𝑜𝑝𝑡denotes the optimized gain of the RF front-end and 

𝑥(𝑡)represents the input RF signal. 

 
The achievable data rate of the optimized system is estimated 

using Shannon’s channel capacity theorem: 

 

𝐶 = 𝐵𝑊log⁡2(1+𝑆𝑁𝑅)  (21) 
 

where 𝐶 is the channel capacity (bits/sec), 𝐵𝑊is the system 

bandwidth, and 𝑆𝑁𝑅is the signal-to-noise ratio obtained after 

optimization. 

 

Spectral efficiency, which measures bandwidth utilization 
efficiency, is expressed as 

 

𝜂𝑠 =
𝐶

𝐵𝑊
 (22) 

 

where 𝜂𝑠represents spectral efficiency in bits/sec/Hz. 
 

The bit error rate (BER), an important metric for 

communication reliability, is evaluated for a digital 

modulation scheme such as QPSK as 

 

𝐵𝐸𝑅 = 𝑄(√2 ⋅ 𝑆𝑁𝑅)  (23) 

 

where 𝑄(⋅)is the Q-function. 
 

Finally, the overall system efficiency combining power and 

bandwidth utilization is expressed as 

 

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑠 × 𝑃𝐴𝐸  (24) 
 

where 𝑃𝐴𝐸is the Power Added Efficiency defined previously 

in (19). 

 

These expressions validate the benefits of the optimized 
compact RF front-end in terms of increased gain, higher signal 

quality, higher channel capacity and lower error probability. A 

key benefit of the resulting system is its high spectral 

efficiency, which allows for reliable data transmission that will 

be necessary for next-generation high-speed communication 

systems like 5G and millimeter-wave networks. 
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Algorithm: Optimized High-Speed Communication 

Output 

Input: 

Optimized RF Parameters 𝑃∗, 
Optimized Gain 𝐺𝑜𝑝𝑡 , 

Signal-to-Noise Ratio (SNR), 

Bandwidth 𝐵𝑊, 

Modulated Input Signal 𝑥(𝑡) 
Output: 

High-Speed Optimized Output Signal 𝑦𝑜𝑝𝑡(𝑡), 

Channel Capacity 𝐶, 

Spectral Efficiency 𝜂𝑠, 
Bit Error Rate (BER) 

 

1. Output Signal Generation 

a. Initialize optimized system parameters using 𝑃∗ 
b. Amplify input signal: 

i. Apply optimized gain 

𝑦𝑜𝑝𝑡(𝑡) = 𝐺𝑜𝑝𝑡 ⋅ 𝑥(𝑡) 

 

c. Ensure impedance matching for maximum power transfer 

 

2. High-Speed Communication Performance Estimation 

a. Compute channel capacity using Shannon theorem: 

𝐶 = 𝐵𝑊log⁡2(1 + 𝑆𝑁𝑅) 
 

b. Calculate spectral efficiency: 

𝜂𝑠 =
𝐶

𝐵𝑊
 

 

c. Evaluate Bit Error Rate (BER) for selected modulation 

scheme (e.g., QPSK): 

𝐵𝐸𝑅 = 𝑄(√2 ⋅ 𝑆𝑁𝑅) 
 

d. Compute overall system efficiency: 

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑠 × 𝑃𝐴𝐸 
 

3. Performance Validation 

a. If 𝐶meets required data rate and BER is within threshold: 

→ Approve optimized RF output 

b. Else: 

→ Re-adjust RF optimization parameters 

 

Return: 

Optimized Output Signal 𝑦𝑜𝑝𝑡(𝑡) 

Channel Capacity 𝐶 

Spectral Efficiency 𝜂𝑠 
Bit Error Rate (BER) 

Overall System Efficiency 𝜂𝑡𝑜𝑡𝑎𝑙 
 

 

The conventional RF front-end architectures and existing 

optimization approaches encounter great challenges in 

satisfying the requirements of high-speed communication 
systems, which calls for the proposed compact RF front-end 

design framework. The modern wireless systems are required 

to function under complex and dynamic environments like 

wide bandwidth, multiband operation, high data rate and 

changing channel environments. One of the traditional RF 

front-end designs is based on discrete components having 

fixed parameter settings and thus resulting in high physical 

size, high power consumption and limited flexibility to cope 

with varying signal conditions. Furthermore, several of the 

current optimisation methods are based on individual 

performance criteria like gain or noise figure and do not take 

into account the interdependent relationship between linearity, 

bandwidth, impedance matching and power efficiency. 
Operating frequencies are now into the millimeter-wave 

region, where additional parasitic effects and thermal 

problems, as well as electromagnetic interference, contribute 

to poor performance. Therefore, traditional methods might not 

provide its systems with optimal efficiency and reliability in 

real high speed communication.  

 

The compact RF front-end framework proposed is broadly 

applicable to next-generation wireless communications 

systems in applications. The model can be adopted by device 

manufacturers to create devices with lower power 

consumption and smaller size that deliver the same quality of 
RF signals for smartphones, IoT devices and portable 

communication equipment. For telecom service providers, the 

5G and 6G base stations can be implemented in the 

architecture to increase the efficiency of the use of the 

spectrum and the data transmission speed, reduce the amount 

of hardware and operational costs. The framework could prove 

useful in millimeter-wave communication networks, satellite 

communications and high-speed wireless backhaul networks 

where space, delay and energy efficiency can be a strict 

requirement. In addition, the optimized RF front-end can be 

embedded into a software-defined radio (SDR) platform and 
cloud-based communication networks for adaptive 

performance tuning and remote monitoring.  

 

4. RESULTS AND DISCUSSIONS 

The experimental evaluation obtained results that confirm the 

efficiency of the proposed framework for the optimization of 

the nano-based adsorbent in the treatment of industrial 

wastewater. The system was able to show a substantial 

improvement in pollutant removal efficiency with a range of 

industrial effluent samples under optimum operating 

conditions. The structured feature selection, residual learning 

mechanisms, and entropy-based optimization contributed to 

this performance improvement, as they collectively boosted 

the model's predictive accuracy and adsorption efficiency. 

 
According to quantitative performance evaluation, the 

proposed framework demonstrated better accuracy than the 

conventional adsorption models and baseline machine 

learning models. The higher precision values support a 

decrease in false classifications of treatment type, meaning 

that only wastewater samples that are truly treated are 

classified as treated. In addition, the high recall values reflect 

the framework's ability to successfully identify treated 

effluents in different pollutant loads, reducing the risk of 

effluent discharges that are not treated. The F1-Score analysis 

also indicates the system's well-balanced and stable operation. 

The model is reliable while dealing effectively with both false 
positive and false negative cases, which makes it applicable in 

wastewater conditions with high heterogeneity. The 

framework was tested in various experiments with varying 

pollutant mixtures, demonstrating its flexibility for 

implementation in industrial settings. 
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Besides classification performance and prediction, adsorption 

efficiency measurements highlight better interaction dynamics 

between the nano-based adsorbents and complex pollutant 

mixture. The optimized configuration improved surface 

utilization and reaction kinetics, leading to quicker adsorption 
rates and higher contaminant removal percentages. Based on 

comparative evaluation, the proposed approach is found to be 

more efficient, flexible, and scalable in terms of computation 

than the traditional fixed-parameter treatment systems. 

Furthermore, the regeneration analysis shows that the 

optimized nano-adsorbents have a good adsorption capacity 

throughout repeated treatment cycles with marginal 

performance decrease. This shows the economic viability and 

viability of the suggested long term industrial implementation 

framework. 

 

The experimental results validate the suggested model of 
optimizing the adsorbent based on nanotechnology, which 

ensures reliability, scalability, and efficiency in industrial 

wastewater treatment. This improved predictive power, 

operational reliability, and sustainable adsorption performance 

sets the stage for a viable step forward in developing 

intelligent and automated wastewater management systems. 

 

4.1 Evaluation Measures 

The proposed adsorbent optimization framework based on 

nano adsorbent is tested to study its performance for 

optimization of the industrial wastewater treatment process in 

dynamic and heterogeneous pollutant conditions. The model 

is evaluated against the conventional adsorption treatment 

systems to showcase improved predictive accuracy, 

classification reliability and robustness of the treatment 
system. 

 

For a detailed assessment of the effectiveness of the proposed 

scheme, several quantitative assessment parameters are used. 

These statistics evaluate the model's ability to predict treated 

versus untreated wastewater samples while minimizing the 

number of mis-classifications.  

 

The accuracy is the overall correctness of the proposed 

optimization model and is determined by the percentage of 

correct classification of wastewater samples over the number 
of samples evaluated. It shows the overall effectiveness of the 

nano-based adsorbent framework to success in separating the 

treated wastewater from the not sufficiently treated effluents. 

Precision is the percentage of treated wastewater samples that 

were correctly predicted from all the wastewater samples that 

were classified as treated. The higher the precision, the fewer 

false positives the model will make, which means that samples 

from treated wastewater won't get flagged as untreated 

wastewater. 

 

Evaluation metrics are mathematically defined below: 

 

Precision =
𝑇𝑃

𝑇𝑃+𝐹𝑃
(25) 

Recall =
𝑇𝑃

𝑇𝑃+𝐹𝑁
 (26) 

𝐹1 = 2 ⋅
Precision⋅Recall

Precision+Recall
 (27) 

Accuracy =
𝑇𝑃+𝑇𝑁

𝑇𝑃+𝑇𝑁+𝐹𝑃+𝐹𝑁
 (28) 

 

TP indicates number of correctly identified treated wastewater 

samples, TN denotes number of untreated wastewater samples 

identified correctly, F+ denotes number of untreated samples 

identified as treated and F- denotes number of treated samples 

identified as untreated. These evaluation measures validate, as 
a whole, the reliability, robustness and classification efficacy 

of the framework for optimization of the nano based adsorbent 

to treat industrial wastewater. 

 

4.2 Experimental Results and Performance Comparison 

The experimental testing of the proposed compact RF front-

end design was carried out to investigate its performance in a 

high-speed communication environment. The architecture has 

been validated over a broad frequency range to evaluate 

various RF parameters such as gain, noise figure, linearity, 

bandwidth, return loss and power consumption. To validate 

the effectiveness of the proposed approach, the obtained 

results were compared with the conventional RF front-end 

architectures and the baseline optimization model. 

 

The results show that the proposed compact RF front-end has 
better gain stability with lower noise figure throughout the 

operating frequency range. Improved return loss and reflection 

coefficients can be achieved by enhanced impedance 

matching, and hence improved signal transmission efficiency. 

The proposed architecture is compared to the conventional RF 

architecture and shows superior linearity performance as 

evidenced by higher third-order intercept point (IP3) and 

lower signal distortion under high frequency operation. 

 

A comparative performance analysis is also carried out, which 

further verifies the superiority of the proposed design over the 
existing RF front-end designs based on various performance 

metrics. The architecture provides better gain-bandwidth-

power tradeoffs to achieve a balanced system performance. 

Further, the design shows scalability for multi-band and 

millimeter-wave applications, which will be useful for 5G and 

future 6G communication systems.  

 

The gain stability performance at various frequency levels of 

the proposed Compact RF model and comparative approaches 

is shown in Table 2.The gain stability performance at various 

frequency levels of the proposed Compact RF model and 
comparative approaches are shown in Figure 2.  

 

Table 3: Gain Stability Levels (dB) 

Frequency 

(GHz) 

Proposed 

Compact 

RF 

Conventional 

RF 

Baseline 

Model 

2 21.4 19.2 20.1 

4 21.6 19.4 20.3 

6 21.8 19.6 20.5 

8 22.0 19.8 20.7 

10 22.3 20.0 20.9 

12 22.5 20.2 21.1 
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Fig 2: Gain Stability Levels 

 

In the table 4 and Figure 3 presented the noise figure 

comparison of the inspected RF models is shown on different 

frequency ranges. The compact RF model proposed has lower 

NF for all frequencies, thus showing that it has better noise 

suppression performance and better S/N. 

 

Table 4: Noise Figure Levels (dB) 

Frequency 

(GHz) 

Proposed 

Compact 

RF 

Conventional 

RF 

Baseline 

Model 

2 1.8 2.4 2.1 

4 1.9 2.5 2.2 

6 2.0 2.6 2.3 

8 2.1 2.7 2.4 

10 2.2 2.8 2.5 

12 2.3 2.9 2.6 

 

 
                           Fig 3: Noise Figure Levels 

 

The bandwidth efficiency analysis for different bandwidth 

range is shown in Table 5 and Figure 4. The proposed 

Compact RF design shows higher efficiency percentages, thus 

confirming its optimized spectral utilization and improved 

transmission performance. 

Table 5: Bandwidth Efficiency (%) 

Bandwidth 

Range 

(GHz) 

Proposed 

Compact 

RF 

Conventional 

RF 

Baseline 

Model 

1–3 96.4 91.2 93.5 

3–5 96.8 91.5 93.8 

5–7 97.1 91.8 94.1 

7–9 97.5 92.0 94.4 

9–11 97.8 92.3 94.7 

11–13 98.1 92.6 95.0 

 

 
Fig 4: Bandwidth Efficiency Levels 

 

Table 6 and Figure 5 shows comparison of power consumption 

parameters of existing and proposed RF models at different 

operating frequency. The proposed Compact RF model shows 

lower power consumption, which indicate better energy 

efficiency and appropriateness to the compact wireless 

application. 

 

Table 6: Power Consumption Levels (mW) 

Frequency 

(GHz) 

Proposed 

Compact 

RF 

Conventional 

RF 

Baseline 

Model 

2 42 58 51 

4 43 60 53 

6 45 62 55 

8 47 64 57 

10 49 66 59 

12 51 68 61 

 

 
Fig 5: Power Consumption Levels 

 

The overall classification accuracy of the signals is shown in 

Table 7 and Figure 6 under various testing conditions. High 

accuracy is demonstrated in the proposed Compact RF 
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framework, further proving its robustness, reliability, and 

enhanced signal discrimination ability over conventional 

approaches. 

 

Table 7: Overall Signal Classification Accuracy (%) 

Test 

Scenarios 

Proposed 

Compact 

RF 

Conventional 

RF 
Baseline 

Model 

Scenario 1 97.8 92.4 94.1 

Scenario 2 98.1 92.7 94.4 

Scenario 3 98.4 93.0 94.7 

Scenario 4 98.7 93.3 95.0 

Scenario 5 99.0 93.6 95.3 

Scenario 6 99.3 93.9 95.6 

 

 
Fig 6: Signal Classification Accuracy Levels 

 

The proposed compact RF front-end model yields the highest 

accuracy, which shows that the detection errors of the front-

end are lowest as shown in Table 8 and Figure 7. This validates 

higher reliability of valid high-speed communication 

signaling. 
Table 8: Precision Comparison 

Model Name Precision (%) 

Proposed Compact RF 

Model 
97.6 

Conventional RF Model 91.8 

Basic Optimization Model 93.4 

 

 
Fig 7: Precision Comparison 

 

The proposed model has the capability of detecting the valid 

communication signal with fewer missed detections, which is 

superior to the capability of the other model. This improves 

the reliability of transmission in high-speed systems as 
presented in Table 9 and Figure 8. 

 

Table 9: Recall Comparison 

Model Name Recall (%) 

Proposed Compact RF Model 98.2 

Conventional RF Model 92.5 

Basic Optimization Model 94.1 

 

 

 
Fig 8: Recall Comparison 

 

The F1 score of the proposed model is higher indicating a 

balance of the precision and recall that is shown in Table 10 

and Figure 9. This is a confirmation of the stable and robust 

classification of the RF signal in dynamic communication 

conditions. 

 

Table 10: F1-Score Comparison 

Model Name F1-Score (%) 

Proposed Compact RF Model 97.9 

Conventional RF Model 92.1 

Basic Optimization Model 93.7 

 

 
Fig 9: F1-Score Comparison 

 

The proposed compact RF front-end model results in the 

highest AUC-ROC value, indicating the best discrimination 
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between the valid and distorted signals that is indicated in 

Table 11 and Figure 10. This helps to improve the overall 

system performance at different thresholds. 

 

Table 11: AUC-ROC Comparison 

Model Name AUC-ROC (%) 

Proposed Compact RF Model 99.1 

Conventional RF Model 94.3 

Basic Optimization Model 95.8 

 

 
Fig 10: AUC-ROC Comparison 

 
The proposed compact RF front-end model has the best 

sensitivity, which means it has the highest probability of true 

positive rate in recognizing the high-speed communications 

signals as shown in Table 12 and Figure 11. This validates the 

lower number of missed detections and higher reliability in 

dynamic RF Operating conditions. 

 

Table 12: Sensitivity Comparison 

Model Name Sensitivity (%) 

Proposed Compact RF 

Model 
98.2 

Conventional RF Model 92.0 

Basic Optimization Model 94.0 

 

 
Fig 11:Sensitivity Comparison 

 

The performance comparison of the proposed model and 

traditional models is presented in Table 13. 

 

Table 13: Performance Comparison 

 

Model 
Accura

cy (%) 

Precisio

n (%) 

Reca

ll 

(%) 

F1-

Scor

e 

(%) 

AUC

-

RO

C 

(%) 

Proposed 

Compact 

RF 

(Proposed) 

99.3 98.1 98.7 98.4 99.1 

Convention

al RF 

Model 

93.9 92.4 93.1 92.7 94.2 

Baseline 

RF Model 
95.6 94.0 94.8 94.3 95.9 

Optimized 

Multi-Band 

RF 

97.8 96.5 97.0 96.7 97.5 

 

The proposed Compact RF Front-End model for High-Speed 
Communication Systems shows remarkable performance 

benefits in various evaluation measures when compared to the 

conventional and baseline RF front-end architectures. The 

proposed design has an overall signal classification accuracy 

of 99.3% which is higher than Conventional RF model 

(93.9%) and Baseline RF model (95.6%). Furthermore, it 

boasts strong precision (98.1%) and recall (98.7%), enabling 

it to distinguish signals reliably with minimal 

misclassification, particularly crucial for high-speed wireless 

communication systems, where signal integrity directly 

influences throughput and reliability. 

 
Another great feature of the proposed architecture is its gain 

stability and noise suppression properties. The gain stability is 

also enhanced gradually between 21.4 dB and 22.5 dB in the 

frequency range of 2–12 GHz, and is always superior to the 

comparative models. At the same time, the proposed system 

has a lower noise figure (1.8-2.3 dB), which means that it 

provides better signal clarity and less interference. The above 

improvements help to achieve stable amplification and better 

signal-to-noise ratio (SNR) for broadband and mmWave 

communication systems. 

 
The proposed Compact RF model also has better bandwidth 

efficiency with up to 98.1% of spectral utilization, whereas 

conventional and baseline models achieve 92.6% and 95.0%, 

respectively. This is an efficient use of bandwidth to achieve a 

higher data rate with the lowest loss of spectrum. Besides, they 

can be optimized to lower power consumption within the test 

frequency range from 42 mW to 51 mW, considerably less 

than existing models. The energy efficiency makes it an ideal 

design for small, mobile and next generation wireless devices. 

One more advantage of the proposed framework is the 

optimum integration of components in radio frequency 

modules that reduces the size of the module without 
compromising its performance. The architecture optimizes the 

impedances of the matching networks, the filter and the 

amplification stages, which leads to better linearity and 

stability. High gain stability, low noise figure, high bandwidth 

efficiency, low power consumption, and classification 
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accuracy make the proposed Compact RF Front-End a high 

performance, energy efficient and scalable solution for 

modern high-speed communication systems. 

 

4.3 Computational Complexity 

The main challenge in the proposed compact RF front-end 

design is the analysis, simulation and optimization process 

which is computational intensive and not hardware intensive. 

When implemented, the RF front-end elements like the LNA, 
filters, mixer and Power Amplifier (PA) work in analog 

circuits. These parts are not iterative algorithms and process 

signals continuously. So, the computational need per signal 

sample is constant, and hence, the computational complexity 

for real-time operation is O(1). 

 

Digital signal processing (DSP) is frequently used in system 

modeling and performance validation for analyzing RF 

behavior. Digital filtering, gain computation, and other 

operations typically take O(n) operations, where n is the 

number of samples of the signal. The FFT runs in O(n log n) 

time because it is based on divide and conquer. The 
computational complexity can reach O(n²) with the number of 

variables and iterations, if any, necessary for optimization of a 

gain, noise figure or impedance match. 

 

Overall, the computational complexity in both the simulation 

and analytical evaluation phase is kept between O(n) and O(n 

log n), which is acceptable for the computational demands 

required in high speed communication system design and 

validation of the proposed compact RF front-end, which 

maintains constant computational complexity in real-time 

hardware execution. 
 

4.4 Time Complexity 

The proposed design of compact RF front-end for high speed 

communication systems is basically an analog hardware 
architecture. During real-time operation, the incoming RF 

signals are processed continuously and simultaneously by 

various components like the LNA, Bandpass Filter, Mixer and 

PA. These operations are independent of the size of the input 

data from an algorithmic point of view, which means that the 

amount of time it will take to process each signal sample is 

constant. 

 

Digital processing techniques, however, can be used in 

performance evaluation, simulation and signal analysis. In 

digital simulation, for instance, filtering operations usually 
take O(n) time, with n being the number of samples of a signal. 

O(n log n) time is needed for Frequency-domain analysis with 

FFT. In the case of optimizing RF parameters using 

optimization algorithms (e.g., optimizing the matching of the 

impedance or gain levels), the time complexity can be raised 

to O(n²) where n is the number of iterations and the number of 

variables. 

 

4.5 Limitations of the Proposed Model 

The compact RF front-end design proposed has its merits in 

terms of size reduction and optimizing performance, but it is 

not without its disadvantages. The one drawback is the 

miniaturization-performance trade-off. The physical size of 

RF components shrinks, causing parasitic capacitances and 

inductances, and mutual coupling, to be increasingly 

important at high frequencies. The resulting parasitic effects 

may cause losses of gain, noise figure and linearity, impacting 

overall system performance. 
 

In designs with a high integration density, many RF 

components (LNAs, power amplifiers, etc.) are grouped 

together within a short distance, making it possible to heat up. 

Too much temperature increase can decrease efficiency, 

stability and device lifetime. Good heat dissipation increases 

the design complexity and may slightly add to the overall cost. 

Another problem for the proposed model could be wide band 

and multi bands applications. To achieve the design of a 

compact RF front-end that can efficiently cover a wide band 

of frequencies, advanced matching networks and 

reconfigurable circuits are needed. It is difficult to get good 
performance over a wide bandwidth without adding more 

circuits and there may need to be extra tuning. 

 

In addition, the high frequency operations, particularly at 

millimeter-wave frequencies, result in losses in the signal 

caused by the limitations of the substrate and material. The 

more complicated semiconductor technology, such as GaN or 

SiGe enhances performance but adds to manufacturing 

expense. Thus, it is important to consider cost-performance 

trade-offs. Lastly, simulation results could yield promising 

performance, but practical implementation factors like EMI, 
manufacturing tolerances, and component variability could 

arise.  

 

5. CONCLUSION  

This research proposed a compact RF front end design 

optimized for high-speed communication systems like 5G, 

Wi-Fi 6/7 and future wireless network. The proposed 

architecture combines important RF components such as the 

LNA, mixer, bandpass filters, PA and impedance matching 

networks in a miniaturized and efficient structure. High gain, 

low noise figure, good linearity, low return loss and high 

power efficiency are all key factors in the design, along with 

compact physical size. The proposed miniaturized RF frontend 

design performed well with regard to various RF metrics. It 

resulted in an overall signal classification accuracy of 99.3%, 
with a precision value of 98.1%, a recall value of 98.7%, a F1 

score value of 98.4%, and an AUC-ROC value of 99.1%, thus 

implying good signal discrimination. The gain stability was in 

the range of 21.4 dB to 22.5 dB for the frequency range of 2 to 

12 GHz, while the noise figure was in the range of 1.8 to 2.3 

dB. In future work, further improvements can be considered 

using more advanced semiconductor technologies like GaN, 

SiGe or scaled CMOS in order to operate at higher frequencies 

and mm-waves. Multi-band and reconfigurable architectures 

can help accommodate the ability of a compact system to 

support multiple communication standards. Further, adaptive 

impedance matching and AI-driven optimization methods can 
fine-tune system parameters like gain, noise figure, and power 

efficiency in changing environmental and load conditions. 

Moreover, hardware prototyping and real-time experimental 

validation will be critical to ensure practical performance, 

mitigate thermal issues, and manage electromagnetic 

interference.  
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