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ABSTRACT

Smart Wireless Sensor Networks (WSNs) demand highly integrated,
energy-efficient, and interference-resilient RF transceivers capable of
sustaining reliable communication in dynamic and resource-constrained
environments. This paper presents the design, implementation, and
comprehensive system-level validation of a low-power CMOS-based
integrated RF transceiver specifically engineered for smart WSN
applications operating in the 2.4 GHz ISM band. The proposed architecture
incorporates an inductively degenerated low-noise amplifier, quadrature
direct-conversion mixer, fractional-N frequency synthesizer, adaptive
Class-AB power amplifier, and digitally controlled baseband processing
with energy-aware MAC integration. A cross-layer optimization strategy is
employed to co-design RF front-end performance with adaptive transmit
power control based on real-time RSSI feedback, thereby minimizing
unnecessary energy expenditure. Circuit-level simulations are conducted
using HSPICE, while system-level performance, including BER and
interference tolerance, is validated through MATLAB-based modeling.
Hardware-in-the-loop (HIL) experimentation and a 25-node real-time
deployment further verify practical feasibility under realistic interference
and environmental conditions. The implemented transceiver achieves
a receiver sensitivity of -92 dBm, noise figure of 1.9 dB, power-added
efficiency of 38%, and bit error rate below 1026, while demonstrating a
27% reduction in overall energy consumption compared to conventional
IEEE 802.15.4-based modules. Experimental results confirm improved
packet delivery ratio, reduced retransmissions, and extended node
lifetime through adaptive power scaling. The proposed integrated solution
provides a scalable and deployment-ready platform for smart agriculture,
industrial monitoring, environmental sensing, and healthcare Internet of
Things (loT) applications.
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INTRODUCTION

Wireless Sensor Networks (WSNs) have become a
foundational technology for next-generation smart
infrastructure, enabling real-time data acquisition
and distributed intelligence across diverse domains
such as precision agriculture, smart healthcare,
industrial automation, structural health monitoring,
and environmental surveillance. These systems rely on
compact, battery-powered sensor nodes that integrate
sensing, computation, and wireless communication
within stringent energy and area constraints. Among
all subsystems, the radio frequency (RF) transceiver
remains the most power-intensive component, often
dictating node lifetime and overall network reliability.
As WSN deployments scale in density and operate in
increasingly congested spectral environments, the need
for robust, energy-efficient, and highly integrated RF
solutions becomes critical.

Conventional WSN transceivers, particularly those
compliant with IEEE 802.15.4 and similar standards,
provide moderate performance but face significant
limitations in dynamic and interference-prone
environments. Many existing implementations exhibit
limited receiver sensitivity under adjacent-channel
interference, insufficient linearity in dense deployments,
elevated standby leakage currents, and fixed or coarse-
grained transmit power control. Moreover, most reported
designs focus primarily on circuit-level metrics—such as
noise figure, gain, or power-added efficiency—without
comprehensive validation at the network level. This
disconnects between RF circuit optimization and system-
level performance often leads to suboptimal real-world
efficiency and reduced reliability.

Addressing these challenges requires a holistic design
methodology that integrates circuit-level innovation
with cross-layer optimization and deployment-aware
validation. An RF architecture must not only achieve
low noise and high efficiency but also dynamically
adapt to varying channel conditions, link distances, and
interference levels. Adaptive transmit power scaling,
intelligent link budgeting, and interference-resilient
receiver design are essential to minimize unnecessary
energy expenditure while maintaining high packet
delivery ratios. Furthermore, system-level co-simulation
and hardware-in-the-loop validation are indispensable
to bridge the gap between theoretical performance and
practical deployment outcomes.

This work presents a fully integrated low-power CMOS RF
transceiver architecture tailored for smart WSN appli-
cations, incorporating adaptive transmit power control
with dynamic link estimation, an interference-resilient

receiver front-end, and energy-aware baseband integra-
tion. Unlike conventional studies limited to isolated cir-
cuit analysis, the proposed solution undergoes compre-
hensive system-level validation through multi-domain
co-simulation and real-time deployment benchmarking.
Performance is evaluated against IEEE 802.15.4-based
reference modules, demonstrating measurable improve-
ments in energy efficiency, sensitivity, and network reli-
ability. The proposed architecture establishes a scalable
and deployment-ready framework for next-generation
intelligent wireless sensor systems.

LITERATURE REVIEW
Low-Power RF Transceiver Architectures for WSNs

Energy efficiency remains the primary constraint in
wireless sensor network (WSN) transceiver design, as
the RF front-end typically accounts for the majority
of node power consumption. Early superheterodyne
receivers provided high selectivity and image rejection;
however, their dependence on multiple intermediate-
frequency stages and off-chip filters increased power
dissipation and system complexity. This limitation
motivated the transition toward direct-conversion (zero-
IF) architectures, which enable full CMOS integration,
reduced component count, and compact implementation
suitable for battery-powered nodes. Despite these
advantages, zero-IF receivers introduce challenges
including DC offset, flicker noise, LO leakage, and 1/Q
imbalance, requiring compensation mechanisms that
increase digital overhead.

Low-noise amplifier (LNA) optimization has been
extensively explored to achieve low noise figures while
preserving linearity. Inductive degeneration remains
a widely adopted topology due to its favorable noise-
linearity tradeoff. However, many reported designs
emphasize minimum noise figure at the expense of
linearity, limiting performance in interference-prone
environments. On the transmitter side, Class-E and
Class-AB power amplifiers are common. Switching
architectures provide high efficiency but compromise
spectral purity, whereas linear architectures maintain
acceptable modulation fidelity with reduced power-
added efficiency. Advances in wideband data conversion
and behavioral modeling of ADC architectures further
enhance integrated transceiver performance,™ 7 yet
most studies concentrate on isolated circuit blocks
rather than complete system validation.

Energy-Aware Communication and Adaptive Power Control

Energy efficiency in WSN communication depends
not only on circuit optimization but also on adaptive
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transmission strategies. Fixed transmit power operation
results in unnecessary energy consumption in short-
range communication scenarios. Dynamic spectrum
access and adaptive channel decision mechanisms
have been proposed to enhance spectral utilization
and reduce interference.® RSSI- and link-quality-based
transmit power control schemes attempt to adjust
output power according to channel conditions; however,
many implementations rely on MAC-layer software
without tight RF hardware integration, limiting real-
time responsiveness.

Dynamic voltage and frequency scaling improves digital
subsystem efficiency but remains challenging for analog
RF blocks due to bias stability and phase noise sensitivity
constraints. Developments in high-resolution ADC
architectures and data conversion techniques improve
wideband performance and integration potential.*
1 Additionally, loT testing and validation frameworks
provide structured methodologies for evaluating
communication robustness under modeled network
conditions.® & Nevertheless, prior research typically
addresses either hardware optimization or network
adaptation independently, leaving cross-layer RF-MAC
co-design insufficiently explored.

System-Level Validation and Cross-Layer Co-Design

Conventional RF transceiver evaluation focuses on
circuit-level metrics such as noise figure, gain, phase
noise, error vector magnitude (EVM), and power-added
efficiency (PAE). While necessary, these parameters do
not directly represent network-level reliability indicators
such as packet delivery ratio (PDR), latency, energy per
transmitted bit, and projected node lifetime. Recent
studies emphasize integrated simulation environments
combining spectral analysis, behavioral modeling,
and system validation frameworks to improve design
robustness.[" 3!

Hardware testing platforms and PCB-level validation ap-
proaches enhance functional verification under real op-
erating conditions.® ') Web-based and simulation-driven
communication testbeds further extend validation ca-
pabilities beyond isolated laboratory measurements.['"]
However, comprehensive hardware-in-the-loop (HIL)
evaluation combined with realistic multi-node deploy-
ment remains limited in existing literature. As a re-
sult, a clear research gap persists in circuit-to-network
co-simulation, integrated hardware verification, and
deployment-based validation in smart environments.
Addressing this gap is essential for developing scalable,
energy-efficient, and interference-resilient RF trans-
ceivers for next-generation WSN applications.
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METHODOLOGY

Integrated RF Transceiver Design Strategy

The proposed RF transceiver is implemented using a
direct-conversion (zero-IF) architecture in 65 nm CMOS
technology, targeting operation in the 2.4 GHz ISM band
for smart wireless sensor network applications. Abottom-
up optimization methodology is adopted, beginning with
link budget estimation to define circuit-level design
constraints. Receiver sensitivity is determined from
thermal noise considerations, bandwidth, noise figure,
and minimum required signal-to-noise ratio. For a
channel bandwidth of 2 MHz, noise figure of 1.9 dB, and
minimum SNR of 10 dB, the resulting sensitivity target is
approximately -92 dBm, establishing the performance
baseline for the RF front-end Figure 1. The LNAis designed
using an inductively degenerated common-source
topology to achieve low noise figure while maintaining
acceptable linearity (l1IP3 > -8 dBm) under interference
conditions, with power consumption constrained below
2 mW. A fractional-N PLL-based frequency synthesizer is
employed to ensure fast locking (< 40 ps) and low phase
noise (-108 dBc/Hz at 1 MHz offset), thereby minimizing
EVM degradation and adjacent-channel interference.

On the transmitter side, a CMOS Class-AB power amplifier
provides scalable output power from 0 to 12 dBm with
adaptive biasing to enhance efficiency under varying link
conditions. Transmit power control is implemented using
real-time RSSI feedback to dynamically adjust output
power, reducing unnecessary energy expenditure during
short-range communication. The adaptive transmit
power mechanism is expressed as:

Pr.r(n) = Pbage + 3(R551thr&sha.‘d - RSSIEHP‘P‘BHI]
(1)
where P_ (n) represents the dynamically adjusted
transmit power, P,__ is the nominal baseline power, and 8
is the scaling factor governing responsiveness. Baseband
integration includes OQPSK modulation, Hamming

24GHz1LO Fractional-N PLL, Tx Signal
NV
Power
Amplifier
I>—'LIMixerJ—+® = } {®T}
LNA DAC
Baseband Processor Adaptive Power
Control

OQPSK FEC (7,4,
Modulation I—‘L‘ RSt
RSS! Feedback Loop

Fig. 1: Block Diagram of the Proposed 2.4 GHz Direct-
Conversion CMOS RF Transceiver with Adaptive Power
Control and RSSI Feedback Loop
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(7,4) forward error correction, and adaptive data rates
ranging from 250 kbps to 1 Mbps to balance reliability
and energy efficiency. This coordinated RF-baseband
co-design ensures optimized sensitivity, interference
resilience, and energy-aware communication within
compact sensor nodes.

System-Level Co-Simulation Framework

A comprehensive multi-domain validation methodology
is adopted to ensure that circuit-level optimizations
translate effectively into system-level performance
improvements. At the circuit level, RF blocks including
the LNA, mixer, PLL, and power amplifier are modeled
and simulated using HSPICE to evaluate gain, noise
figure, linearity, phase noise, and power consumption.
Monte Carlo simulations are performed to assess the
impact of device mismatch and process variations on
performance stability, while temperature sweep analysis
from -10°C to 60°C ensures robustness under realistic
environmental conditions Figure 2. These simulations
establish confidence in analog performance prior to
higher-level integration and enable identification of
sensitivity margins under worst-case scenarios.

System-level validation is conducted using MATLAB/
Simulink to model bit error rate (BER) as a function of
signal-to-noise ratio (SNR), incorporating phase noise and
nonlinearity effects extracted from circuit simulations.
The impact of adaptive transmit power scaling on energy
per bit and overall communication efficiency is evaluated
under varying channel conditions. To bridge simulation
and real-world deployment, hardware-in-the-loop (HIL)
validation is implemented using an FPGA-based baseband
controller interfaced with the fabricated RF front-end.
Spectrum analyzer measurements verify output power,
spectral purity, and phase noise characteristics, while
a 25-node deployment test evaluates practical network
behavior. Key performance metrics—including BER,
packet delivery ratio (PDR), communication latency,
energy per transmitted packet, and projected node

Monte Carlo &

HSPICE Circuit
I Temperature Sweap

Simulation

lifetime—are systematically measured to confirm
reliability, scalability, and energy efficiency under
realistic smart WSN operating conditions.

Experimental Deployment Procedure

To validate real-world performance, the proposed
RF transceiver was deployed in a smart agriculture
monitoring scenario covering an area of 200 m x
150 m. A total of 25 sensor nodes were distributed
uniformly across the field, communicating with a single
centralized gateway operating in the 2.4 GHz ISM band.
The deployment environment intentionally included
practical interference sources such as Wi-Fi routers
and Bluetooth devices to emulate realistic spectrum
congestion. Each node was configured to periodically
transmit environmental sensing data, enabling continuous
evaluation of link stability and adaptive transmission
behavior Figure 3. The field experiment was conducted
over a 30-day period to capture both short-term
fluctuations and long-term operational stability under
varying environmental conditions including temperature
and humidity changes.

Performance evaluation focused on link reliability,
adaptive transmit power response to dynamic RSSI
variations, robustness against interference, and energy
consumption patterns over time. The effectiveness of
the adaptive power control algorithm was assessed by
monitoring retransmission rates and transmit power
adjustments under varying channel conditions. Battery
lifetime was estimated based on average current
consumption considering transmit (TX), receive (RX), and
sleep duty cycles. The projected operational lifetime
was modeled using:

. . Chattery
Lifetime = ——=

(2)

avg

where Cbatmy represents the battery capacity and I_
avg denotes the average current consumption derived

from duty-cycle-weighted TX, RX, and sleep modes.

25-NodeDeployment

Fig. 2: Multi-Domain System-Level Co-Simulation and Hardware-in-the-Loop (HIL) Validation Framework for the
Proposed RF Transceiver
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leep mod

Operating Mode

Fig.3: Current Consumption Profile of the
Proposed RF Transceiver Across TX, RX, and Sleep
Operating Modes

This deployment-based evaluation provides a realistic
assessment of scalability, energy efficiency, and long-
term reliability in practical smart WSN applications.

RESULTS AND DISCUSSION
Receiver Performance

The measured receiver performance confirms that the
proposed direct-conversion architecture meets the
targeted link budget specifications. The fabricated
receiver achieves a sensitivity of -92 dBm with a noise
figure of 1.9 dB and a power gain of 18.6 dB. Bit error
rate measurements indicate BER < 10o¢ at an input
power of -90 dBm, demonstrating stable demodulation
performance near the sensitivity threshold. The
optimized inductively degenerated LNA successfully
maintains low noise performance without sacrificing
linearity, ensuring resilience in interference-rich
environments. Compared with conventional ZigBee-
based modules exhibiting approximately -88 dBm
sensitivity, the proposed design provides an additional
4 dB link margin. This improvement directly enhances
coverage range and reduces packet retransmissions,
particularly in edge-of-coverage scenarios and dense
node deployments.

Transmitter Efficiency

The transmitter subsystem demonstrates a maximum
output power of +12 dBm with a peak power-added
efficiency (PAE) of 38%, validating the effectiveness of
the CMOS Class-AB architecture. Error vector magnitude
(EVM) measurements of 2.3% confirm compliance with
IEEE 802.15.4 spectral requirements and ensure reliable
OQPSK modulation integrity. The adaptive bias control
mechanism dynamically scales transmit power based
on real-time RSSI feedback, reducing unnecessary
power dissipation during short-range communication.
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Experimental observations show a 22% reduction in
average transmit energy compared to fixed-power
operation. This confirms that hardware-level adaptive
control provides tangible efficiency gains without
compromising spectral purity or modulation accuracy.

Network Reliability and Latency Performance

Field deployment results demonstrate strong network-
level reliability under realistic interference conditions.
The system achieves a packet delivery ratio (PDR) of
98.4% across the 25-node deployment, with end-to-
end latency maintained below 12 ms. The improved
receiver sensitivity and reduced phase noise significantly
enhance link robustness in the presence of coexisting
Wi-Fi and Bluetooth signals. A measured 18% reduction
in retransmissions confirms that improved physical-
layer performance directly translates into network-
layer reliability. These results validate that circuit-level
optimizations effectively improve overall communication
stability in dense and interference-prone environments.

Energy Efficiency and Cross-Layer Impact

Comprehensive energy analysis reveals an overall
27% reduction in  node energy consumption
compared to conventional fixed-power IEEE 802.15.4
implementations. The primary contributor to this
improvement is the reduction of retransmission-induced
energy waste achieved through adaptive hardware-
level transmit control Figure 4. By integrating RF front-
end optimization with network-aware adaptation,
the system minimizes both transmission power and
repeated packet attempts. Furthermore, enhanced
phase noise performance contributes to improved BER
under interference, indirectly lowering network traffic
overhead Table 1. The results clearly demonstrate that
cross-layer co-design—combining circuit optimization

DR

P

Normalized performance /

Figure 4. Comparative Performance Evaluation
Between Conventional and Proposed WSN Nodes
Across Sensitivity, Energy, Reliability, and Power

Consumption Metrics
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Table 4: Summary of Measured Performance Metrics of the Proposed RF Transceiver

Proposed Conventional IEEE
Category Parameter Design 802.15.4 Node Improvement

Receiver Sensitivity -92 dBm -88 dBm +4 dB link margin
Performance

Noise Figure (NF) 1.9 dB ~2.5dB Reduced noise

Gain 18.6 dB 16-17 dB Higher gain

BER @ -90 dBm < 10m6 ~1004 Improved reliability
Transmitter Max Output Power +12 dBm +10 dBm +2 dB range
Performance

Power-Added Efficiency (PAE) | 38% ~28-30% ~8-10% increase

EVM 2.3% 3-4% Improved modulation quality

Avg. TX Energy Reduction 22% Baseline Lower TX power usage
Network Packet Delivery Ratio (PDR) | 98.4% ~90% +8.4% reliability
Performance

Latency <12 ms ~18 ms Reduced delay

Retransmission Rate Reduced by 18% | Baseline Lower overhead
Energy Performance | Overall Energy Reduction 27% Baseline Significant saving

Node Lifetime Extended Baseline Increased operational life

with system-level adaptation—is substantially more
effective than isolated RF performance enhancements,
establishing a scalable and energy-efficient framework
for smart WSN deployments.

CONCLUSION

This study presented the design, implementation, and
comprehensive system-level validation of an integrated
CMOS-based RF transceiver tailored for smart wireless
sensor network applications. The proposed architecture
successfully combines low-noise receiver optimization,
adaptive Class-AB transmit power control, and cross-layer
integration with energy-aware communication strategies
to achieve high sensitivity of -92 dBm, improved spectral
performance, and enhanced interference resilience.
Experimental results from both simulation and real-
world 25-node deployment demonstrate a 27% reduction
in overall energy consumption and a packet delivery
ratio of 98.4%, confirming that hardware-level adaptive
control significantly reduces retransmission overhead and
extends node lifetime. Unlike conventional approaches
that focus solely on isolated circuit metrics, this work
validates performance across the complete design
stack—from RF block-level modeling and co-simulation
to hardware-in-the-loop testing and field deployment—
ensuring practical scalability and robustness. Future
research directions include extending the architecture
to multi-band operation, incorporating Al-assisted
interference mitigation techniques, integrating ultra-
low-power wake-up receivers, and pursuing full ASIC tape-
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out for large-scale commercialization and deployment in
next-generation intelligent WSN infrastructures.
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