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Wireless sensor networks (WSNs) have garnered significant scientific
attention because of their many uses, but their power usage is a fundamental
barrier to their deployment. Energy constraints have a direct effect on
important design elements including battery capacity, energy harvester
effectiveness, and network longevity. To enable sustainable WSN operation,
radio-frequency (RF)-based transceiver (TR) design has become a key area of
study. A thorough examination of current RF-TR architectures is given in this
paper, with a focus on low-power (LP) implementations designed for WSN
applications. Amplifier-sequenced hybrid (ASH), superheterodyne (SHD),
zero-intermediate frequency (Zero-IF), low-intermediate frequency (Low-IF),
sliding-intermediate frequency (Sliding-1F), and super-regenerative (SRG)
architectures are among the TR system designs that are categorized, with an
emphasis on the performance trade-offs associated with each. Comparative

Wireless-sensor-network evaluation shows that Zero-IF and SRG architectures are more energy
efficient than other designs that were studied, which makes them viable
options for ultra-low-power (ULP) WSN installations. Along with outlining
important research issues in RF-TR design, such as hardware minimization,
security, synchronization, and energy optimization, this review also suggests
possible future paths to improve the sustainability and performance of WSN-

based RF-TRs.
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1. INTRODUCTION

There has been arise in interest in wireless sensor networks (WSNSs) among scientists in recent years
due to a number of theoretical and practical challenges. This state-of-the-art research on WSNs examined
numerous new applications made feasible by larger-scale networks of sensor nodes that can collect, process,
and transmit data from their environment to a remote location. Most WSN applications have bandwidth and
latency tolerance limitations, ranging from commercial and military to environmental and medical surveillance
[1]. Current advances in wireless networking, electronic devices, and micro-electro-mechanical systems
(MEMS) innovation have made it possible to create multipurpose, inexpensive, and low-power (LP) node
sensors that are compact and are able to interact wirelessly across relatively short distances. These small sensor
nodes, which are made up of sensing, processing, and communication factors, make use of the concept of
WSNSs, which rely on the cooperation of many nodes [2]. A WSN is a collection of widely scattered sensor
nodes that are linked together. A computer chip known as a sensor node, also known as a mote. The sensor
node comprises a central processing unit (CPU), a storage or memory device, a transceiver (TR) module, one
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or more sensors, an analogue-to-digital converter (ADC), and the source of power, such as a battery. Reliability,
precision, adaptability, cost, degree of complexity in advancement, and power usage are the fundamental
characteristics of WSN. The most crucial WSN criterion is power usage since all nodes are powered by
batteries [3].

There are presently two main developments in the wireless communication sector. A broad variety of
sensor-like wireless nodes for purposes including portable medical devices, fitness trackers, and versatile
internet of things (loT) devices are growing more. On the one hand, there is an obvious move regarding the
most severe performance data solutions over fifth-generation (5G) networks with Gbps variant data rates.
Overall, there will be a significant growth in the need for such sensor nodes.

The high-level-based method's component-based, design-pattern-based, and modern-driven
engineering (MDE)-based categories are described in [4], [5]. Nevertheless, the system-on-chip (SoC), system-
on-programmable-chip (SoPC), multi-processor system-on-a-chip (MPSoC), field-programmable gate array
(FPGA), application specific integrated circuit (ASIC), microcontroller (MC), digital signal processing (DSP),
field-programmable analogue array (FPAA), and hybrid architectures are utilized to create the WSN
architectures [6]. Most of the mentioned applications handle private information, which requires appropriate
security measures to guarantee privacy and integrity. Applications relying on WSNSs require robust security
measures. Several conditions, including accessibility, authenticity, secrecy, and truthfulness, must be met to
ensure the protection of WSNs [7].

Three categories exist for the medium access control (MAC)-based wakeup receiver (WUR)
approaches: duty-cycled, non-cycled, and path reservation-based [8]-[10]. These MAC-WUR techniques
reduce latency, increase energy efficiency, and prevent collisions in WSNs [11], [12]. The majority of WSNs
and loT-based applications use ultra-low-power (ULP) receivers (RXs), which are similar to nano-watt-WUR,
long-range based low-noise-amplifier (LNA)-first RXs, selectivity-based Mixer-first RXs, and universal
adoption-based compatibility RXs [13]. There are many LP-based architectures, like LP-cognitive-radio (CR)
based approach [14], Bluetooth low energy (BLE) [15], and Zigbee [16] are available in the existing works for
WSN and loT applications. However, the high-performance-radio TRs like long term evolution (LTE), 5G
[17], [18], and sixth generation (6G) [19]. However, the high-speed wireless applications are not considered in
this article.

WSNs have become an essential technology for smart cities, automated manufacturing, medical, and
environmental surveillance activities. However, power usage is the main constraint in WSN implementation,
and it has a direct impact on network scalability, dependability, and lifetime. Itis difficult to replace or recharge
sensor nodes because they are usually battery-powered and frequently placed in inaccessible locations. Since
the radio-frequency (RF) based TR is one of the most power-intensive parts of a sensor node, this limitation
makes energy-efficient TR topologies imperative. Despite their strong performance, traditional architectures
like superheterodyne (SHD) and amplifier-sequenced hybrid (ASH) are not appropriate for ULP WSN
applications due to their high-power consumption. However, while other approaches like zero-intermediate
frequency (Zero-1F) and super-regenerative (SRG) have the potential to lower power usage, they frequently
have issues with sensitivity, selectivity, or interference robustness. A significant research gap is highlighted by
the lack of a standardised trade-off analysis between various architectures under practical WSN restrictions.

The primary contributions of this work are presented with a thorough analysis and categorization of
RF TR architectures specific to LP WSN applications. A comparison of architectures has been presented
according to important performance metrics, such as picture interference ratio, noise figure (NF), power
consumption, and sensitivity. Zero-IF and SRG architectures were identified as viable options for attaining
ULP operation in WSNs, with an emphasis on the trade-offs between these and alternative architectures. A
look ahead at the design opportunities and challenges for creating forthcoming LP RF TRs to improve the
scalability and efficiency of WSNs. The article's organization is as follows: section 2 discusses the current TR
designs based on system architecture classification. Section 3 outlines the results and discussion considering
all, including the performance realization of current LP-TRs, followed by a discussion and research gaps.
Finally, it concludes the entire work in section 4, followed by future works.

This section discusses the existing works of the LP TR architectures with merits and limitations from
various application viewpoints. The work also highlights the performance metrics from the recent works.
Table 1 illustrates the summary of the existing LP TRs below. Sayilir et al. [20] explain the wireless TR for
LP-insect-based WSNs. The power amplifier (PA), LNA, voltage-controlled oscillator (VCO), and on-off-
keying (OOK) modulator with switching activities are integrated to form the wireless TR. The system
complexity is reduced drastically with the switching activity of the TX/RX using the same components. The
TX and RX utilise the 4.5 mW and 9.5 mW of power using an OOK modulation approach on a 130 nm
complementary metal oxide semiconductor (CMOS) process. El-Desouki et al. [21] explain the balunless-
narrowband (BNB)-based RX frontend (FE) module for short-range wireless applications. The RX-FE
comprises the double-balanced down conversion mixer and NB-LNA to achieve the LP and high level of
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integration in a single chip. The RX-FE offers better performance than other FE designs using single-ended
RF inputs. The TX and RX utilize the 1 mW and 67.7 mW power using the OOK modulation method on the
180 nm CMOS process. Liang et al. [22] discuss the BLE based TR for WSN. The BLE-TR is integrated with
the RX matching network and reusable PA load inductor. Only two inductors minimize the chip area. The
integration offers better performance by reusing the PA load inductor. The TX and RX utilize the 9.4 mW and
9.7 mW of power using a gaussian-frequency shift keying (GFSK) based modulation approach on a 110 nm
CMOS process. Hou et al. [23] present the 2.4 GHz-based CMOS TR for WSNs. The class-E TX and
fractional-N based synthesizer, followed by RX, are integrated into a single CMOS chip. Only one off-chip
inductor is used in the TX/RX by sharing the same input-output matching network to save chip area. The TX
and RX utilize the 4.8 mW and 2.3 mW of power using an OOK/FSK modulation approach on a 180 nm CMOS
process. Mustapha et al. [24] discuss the V-band TR for near-field 10T applications. The TR is integrated with
a resonator and antenna (TX/RX) without using LNA, PA, phase-locked-loop (PLL), and mixers. The V-band
offers LP and lower energy/bit in TR. The TX and RX utilize the 1 and 5.2 mW power using the OOK
modulation approach on the 65 nm CMOS process. Lee et al. [25] present the passive sliding-1F (P-SIF) mixer-
based 2.4 GHz RX with ULP features. The ULP-RX has an inverter-based LNA and P-SIF mixer followed by
a baseband (BB) PGA and filter. The TX and RX utilize the 1.2 and 0.64 mW of power using the OOK
modulation approach on the 28 nm CMOS process. Li et al. [26] describe the ZigBee-TR with low-voltage and
multi-band features. The TR covers frequency bands from 780 MHz to 2.4 GHz. The RX uses a complex band-
pass filter (CBPF) and frequency synthesizer (FS) to minimize the voltage and power on the chip. The TX and
RX utilize the 3.5 and 1.42 mW power using the offset-quadrature phase-shift keying (O-QPSK) modulation
approach on the 180 nm CMOS process.

Table 1. Summary of the existing LP TRs

Ref Approach Advantages Limitations Applications
[20]  Wireless TR for WSN Better sensitivity with less Moderate data rate and WSN
complexity lower BER
[21] Balunless NB-RX -FE LP and offers higher integration Issues with 1Q balancing ~ Short-range wireless and
capabilities WSN
[22] BLE-based TR High performance with less chip The phase error is more BLE and WSN
area
[23] 2.4 GHz-based TR Lower—chip area Minimal BER and data WSN
rate
[24]  V-band TR with resonator LP and better energy efficiency Lower data rate and Near-field 10T
lower IIR
[25]  ULP-RX with P-SIF mixer ULP Improves the linearity Minimal BER and data LP applications
rate
[26]  ZigBee-TR with low- Low-Voltage and power, multi- Lower IR and phase Zigbee
voltage and multi-band band operations noise are more
features
[27] 2.4 super regenerative TR LP and better RX sensitivity Lower data rate WSN
[28]  Super regenerative TR Easy integration Complex architecture Portable imaging system
[29] OOK-super regenerative TR LP and high sensitivity, and Stability issues Wireless body area
better RX sensitivity networks (WBANS)
[30] 4-GHz BASED Zero-IF Offers LP and better RX DC-offset issues, loT
FM-UWB TR sensitivity minimal data rate
[31] Low-intermediate frequency  Better RX sensitivity Complex architecture Bluetooth LE
(Low-IF) receiver applications
[32] CMOS RF BeiDou-1 TR Easy integration Complex architecture SMS and positioning
applications
[33] Low-IF-based architecture LP and less complex architecture ~ Minimal data rate BLE applications
[34] BLERX LP and reusable current Minimal BER and data LP-IoT applications
architecture rate
[35] Sub-milliwatts TR chip The better data rate and LP Complex architecture in Medical implant devices
TXand RX

The SRG-TR with improved selectivity features was designed by Kim et al. [27] using a dual-Q
enhancement model and digital frequency-locked-loop (FLL). The generation of quench signals using PLL
generates voltage-controlling issues, and is overcome with FLL with super-regenerative oscillator (SRO). The
SRG-RX with coupled-oscillator networks (CON) is designed by Ma et al. [28] to improve the gain with
minimal NF. The CON with SRR improves the gain significantly and reduces the NF with the help of a serial
resonator. The performance results meet the portable imaging system requirements per the frequency
calibration process. The OOK-SRG RX is designed by Fu and El-Sankary [29] for WBAN applications. The
RX uses automatic negative transconductance (ANT) with the 2-step periodic-based quenching controller to
enhance the sensitivity. The SRO with an adaptive bulk-biasing approach is incorporated to reduce the power
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in RXs. The FM-UWB TR with Zero-IF architecture is designed by Kopta and Enz [30] with a multi-user
approximation for loT devices. The FM-UWB TR operates in two modes, namely: LP and multi-user mode.
The TR can tolerate the frequency offset without additional off-chip components. Pereira et al. [31] present the
Low-IF RX architecture for BLE applications to improve sensitivity. The inverter-based LNA improves Low-
IF-RX's gain and NF. The RF-BeiDou-1 TR is designed by Wang et al. [32] to improve the IRR. The TR uses
Low-IF RX and BPSK TX to realize the full-duplex communication between users and control stations. The
TR is suitable for use in short message service (SMS) and regional positioning (RP) for two-way
communications. The quadrature-LO buffer (QLOB) with Low-IF RX is designed by Song et al. [33] for BLE
applications. The Low-IF RX with QLOB model reduces the additional circuitry for quadrature path generation
in LO and saves the utilization of the DC current. The BLE RX architecture is designed by Park and Kwon
[34] for LP 10T applications. The BLE RX combined with quadrature RF to BB current reusable model reduces
the IRR and improves the gain factor with minimal power consumption. Omisakin et al. [35] explain the sub-
milliwatt TR chip for medical implantable devices. The implanted TR uses impulse radio (IR)-ultra-wide band
UWB with OOK for uplink TX and BPSK with a detection circuit for downlink RX. The RX uses an oscillator,
and IR from TX offers better tenability and fully on-chip integration. The TX and RX utilize 0.3 mW and 0.2
mW of power using OOK and BPSK modulation approach on 180 nm CMOS process.

2. METHOD

The TR design-based system architectures are covered in this section. The sensitivity,
adjacent/alternate channel selectivity (ACS), highest acquired signal, co-channel obstacles, image interference
ratio (IIR), elimination or prevention, and other factors make up a receiver's system-level parameters. The
WSN protocols and network framework determine certain system-wide parameters, which are influenced by
each submodule's efficiency, including gain, NF, third-order input intercept point (11P3), and other factors. The
primary responsibility of the system designers is to give every single submodule the system-level requirements.
The TR designs are classified based on the system architecture and are illustrated in Figure 1. The TRs are
classified according to the system architecture design, including the SHD, Zero-IF, Low-IF, sliding-
intermediate frequency (Sliding-1F), SRG, and ASH-based architectures. The typical TR has (ADC, filters,
mixers, PLL, PA, LNA, and digital-to-analogue converters (DAC), antennas for transmitter (TX) and receiver
(RX)-end. The digital BB system provides the signals to perform the TX operation and receives similar signals
after the RX operation in the BB system. The DAC converter converts the digital data to analogue signals,
followed by a filtering operation to filter out the interferences and harmonics. The mixers generate In-phase ()
and quadrature (Q)-phase up-conversion followed by modulation. The PLL provides the phase difference of
the local oscillation (LO) and is input to the mixer. A PA adds and amplifies the | and Q signal. The amplified
signals are emitted through the TX antenna on the TX side. On the RX side, the received signals are amplified
by LNA and later down-converted by mixer to generate the 1Q signals. The 1Q signals are filtered using a filter
followed by ADC conversion. The received digital signals are moved to the BB RX to perform the decoding
mechanism. The WSN TR needs only a few analogue circuits based on requirements to offer low-cost, data
rate, and power features. The most popular type of TR architecture uses frequency transformation, changing
the signal being processed to a lower frequency to make it easier to employ signal handling units like gain and
filtering for demodulating data signals. The BB signal is changed to a higher frequency to modulate data signals
with carrier signals. To achieve frequency conversion and selectivity, narrowband responses are combined with
high-purity oscillators and mixers.

Transceiver Design based on System Architecture

I

A A A A
- Super-
Superheterodyne Zero-IF Low-IF Sliding-IF . ASH
regenerative

Figure 1. Classification based on system architecture
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2.1. Superheterodyne architecture

For instance, the SHD architecture employs two distinct up/down-conversion techniques. To reduce
the noise demands on the rest of the receiver chain, the LNA first amplifies the input RF signal in the case of
RX. The RF signal is then transformed into IF using a very accurate, adjustable LO. This IF signal gets
amplified and filtered with a fixed frequency filter to get rid of the image and erroneous signals. A second
mixer transforms the signal to DC using a fixed frequency LO at the IF frequency. The benefit of this approach
is that just a tiny subset of frequencies, chosen via RF and IF filters, must be responsive to most of the radio's
transmission path. As a result, this TR has the benefit of having great sensitivity. Additionally, TX and RX
isolation is achieved via RF filters. The frequency mixing-produced visual response is eliminated using IF
filters. In some circumstances, several IF stages can address the undesirable image response with two IFs of
differing values. When used with a PLL FS, the SHD approach also provides good stability. The SHD approach
uses power-hungry elements like mixers and FS, which results in significant power usage even though it has
better frequency features than more straightforward TR kinds. As a result, despite their sensitivity and stability
attributes, this architecture is inadequate for the software-defined radio (SDR) system's goal of creating a LP
TR. The bass-pass filter (BPF) is designed for SHD RXs to improve charge sharing [36]. The surface acoustic
wave (SAW)-less SHD-RX is modelled to mitigate the multistage harmonics [37]. The discrete-time (DT)-
SHD RX with fully integrated features to improve the IF image rejection [38]. Similarly, the DT-based SHD
RX [39] is modelled for BLE applications. The 28 GHz RF-TR [40] is modelled for 5G mmWave transmission
usage. The SHD-RX with a millimetre-wave monolithic integrated circuit is introduced to improve the
bandwidth and conversion gain in full duplex communication [41]. The SHD-RX front-end module with a
passive mixer is designed to mitigate the acoustic filtering impedance at various harmonic frequencies [42].

2.2. Zero-1F, Low-IF, and Slide-IF architecture

The standard components like LNA, mixers, local oscillators (Los), programmable gain amplifiers
(PGAs), and filters are used to construct the Zero-IF-TRs. The choice of IF selection is restricted for commercial
filters due to IF-selection trade-offs. The incoming data signals from the antenna are directly transformed to the
BB system without using any IF in Zero-IF RXs. A specific BB low-pass filter is needed to design the
reconfigurable Zero-IF RXs to enhance the performance metrics. The variable gain amplifier (VGA) and PGAs
offer steady output power to various input signals. Digital signals control the PGAs, whereas VGAs are
controlled by analog signals. The LPFs' filtering operation in the Zero-IF architecture depends on the specific
requirement per channel bandwidth. The Zero-IF-TR uses minimal power, easy implementation, and fewer
filtering approaches. The DC offset, flicker noise, and 1Q demodulation impairments are limitations of the Zero-
IF architectures. The Zero-IF CMOS TR is designed to improve the wireless link at higher data rates for
mmWave communications [43]. The CMOS TR with Zero-IF [44] is designed to enhance the RX sensitivity for
BLE usage. The Zero-IF module is incorporated in many TRs, like wireless TR for medical implantable usage
[45], digital calibration and built-in self-test [46], high-density WSNs [47], and mmWave communication
usage [48].

The Low-IF TRs avoid image difficulty by multiplying the BB signal directly to the RF signal and
the RF signal directly to the BB via quadrature up/down conversion. The mixers must be driven by an LO with
great spectral integrity and stability, just like in the case of SHD design. These architectures' power
consumption is constrained by the LO and PLL-FS combined with SHD. A resonant LC oscillator, commonly
integrated within a PLL, is frequently required to meet the demanding frequency precision and phase noise
performance criteria. The power ceiling associated with integrated passives is a few hundred microwatts due
to these components' low-quality factor (Q). The Low-IF-based modules incorporate many TRs for various
applications, including global system for mobile communication (GSM) [49], gyrator filter design for dual
mode-ZigBee/Bluetooth usage [50], 1Q mismatch compensation [51], image rejection mechanism using
weaver-Hartley module with Low-IF architecture [52], and injection locked ring oscillator with GFSK
demodulator for LP usage [53].

The Sliding-1F TRs offer a better trade-off solution between channel selection and image rejection.
The FS with PLL generates the RF and IF signals for LOs at various frequencies. The IF mixers receive the
carrier signals from the FS-PLL to generate the 1Q signals. These 1Q signals are used to suppress the image
signals. The Sliding-1F-TR offers easy implementation and a lower IIR. The design of the LO is complex in
Sliding-1F architectures. The Sliding-IF-based modules incorporate many TRs for various applications,
including wideband communications with Gigabits speed usage [54], ZigBee and WBAN usage [55], body
area network (BAN), and warless personal area networks (WPAN) [56], IEEE 802.11ad usage [57], 5G usage
[58], and mmWave communication [59], [60].

2.3. Super-regenerative and amplifier-sequenced hybrid architecture
A TR suited for OOK modulation can be produced using the SRG RX architecture. The SRG-RX
provides the benefits of excellent energy efficiency, minimal power usage, and a low component count that
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enables high integration. As a result, it is a desirable paradigm for embedded ultra-low power radio TRs. An
SRO with a time-varying loop gain and a bandpass feedback system, an envelope detector (ED) for RX, a
possible PA, and LO for TX are all components included in the typical architecture. The quenching signal,
which has a modulation bandwidth several times that of the SRO bias current, controls it. An SRR has the
benefits of ease of use, minimal power usage, high gain, and steady demodulated output over various data
signal levels. Still, it also has the disadvantage of built-in frequency instabilities, and the performance of the
SRO greatly influences its characteristics. Therefore, a highly stable low-phase noise oscillator is needed for
the SRG-RX. Additionally, radiation from the quench oscillator contributes to interference, and placing an
oscillator in the receive path increases the TR's overall power use. The SRG-based modules incorporate many
TRs for various applications, including sensitivity control with LP usage [61], medical-implant
communications [62], [63], healthcare usage [64], burst-mode UWB usage [65], body channel communications
[66], and wearables radio usage [67].

A fundamentally new form of RX has been developed to overcome the drawbacks of earlier RX
architectures in limited-range RF connection uses. While using time diversity instead of frequency diversity,
this innovative RX architecture accomplishes the identical goal as the SHD RX. The SAW BPF, two RF
amplifiers, a pulse generator (PG), a delay line, and a detector module are often found in ASH RXs [68].

The existing TRs based on the system architectures are discussed in the above section [36]-[68]. A
few advantages and limitations of the mentioned TRs are highlighted and tabulated in Table 2 based on system
architectures. The SHD architectures provide higher stability, sensitivity and simple architectures, but this
architecture utilizes more power, has a poor level of integration and is difficult to reconfigurable.

Table 2. Advantages and limitations of the existing TRs based on the system architectures

System architectures Advantages Limitations
SHD —  Offers higher selectivity — Higher power utilization
— Higher sensitivity, stability — Integration level is poor
—  Simple architecture — Difficult to reconfigure
Zero-IF — Integration is easy —  Flicker noise
—  Offers low power — DC-offset issues
—  Fewer filters — Impairments in 1/Q demodulator
Low-IF — Low DC offset and flicker noise — BB design is complex
— Integration is easy — Image rejection is more
—  Fewer filters — Impairments in 1/Q demodulator
Sliding-1F — Integration is easy — LOdesign is complex
— IR is lower
SRG — LP utilization —  Lower stability
— Higher sensitivity — Lower data rate
ASH —  LP utilization — Lower data rate

— Higher sensitivity
—  Offer good stability

The Zero-IF architecture offers LP utilization and better integration using fewer filters. The Zero-IF
architectures face the issues of 1Q imbalance, DC-offset, and flicker noise. The Low-IF architecture overcomes
the issues of the Zero-IF architectures by offering low DC-offset and flicker noise with less usage of filters.
Still, the Low-IF architecture faces the issues of I1Q imbalance, more IIR and complex BB design. The Sliding-
IF provides easy integration with low-1IR with complex LO design. The SRG-based designs utilize less power
than other architectures with higher sensitivity but face issues with stability and lower data rate. The ASH
module offers higher sensitivity and stability by utilizing LP, but offers a lower data rate.

3. RESULTS AND DISCUSSION

An overview of the findings and a discussion of current architectures are presented in this section.
The LP TR designs under examination operate in the frequency range of 0.7-60 GHz and span CMOS nodes
from 28 nm to 180 nm. While some use BPSK, GFSK, FSK, and Q-QPSK to balance power and spectral
efficiency, most use OOK modulation because of its simplicity and energy-efficiency. The performance
summary of the existing LP-TR architectures is illustrated in Table 3.

Fu and El-Sankary [29], transmit power ranges from 0.12 mW to 26 mW, whereas RX power can be
as low as 0.39 mW. This indicates that ULP operation is feasible for WSNs and IoT nodes. For battery-powered
usage, supply voltages are typically limited to 0.8-1.8 V, which is consistent with low-voltage CMOS
technology. Significant diversity exists in receiver sensitivity, which ranges from —-27.5 dBm to —93.8 dBm.
Long-range transmission might benefit from deeper sensitivity levels (e.g., Li et al. [26]), but these frequently
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come with greater power costs. However, ULP OOK-based designs (Lee et al. [25]; Fu and El-Sankary [29])
are perfect for short-range communication since they sacrifice sensitivity for energy savings.

Trade-offs between transmission range and energy efficiency are reflected in the output transmit
power, which ranges from —47.3 dBm to +5 dBm. While some designs, like those by Song et al. [33], prioritize
low energy consumption at the price of range, others, like those by Kim et al. [27] and Li et al. [26], achieve
positive TX power, making them appropriate for robust links. The majority of designs maintain a bit error rate
(BER) between 10-3 and 10-5, guaranteeing dependability in common IoT and biomedical transmission
scenarios. Interestingly, somewhat greater power use is required to achieve larger data rates (up to 4.08 Mbps,
Wang et al. [32]) without sacrificing BER performance.

BPSK and Q-QPSK architectures provide improved sensitivity and resilience, making them more
appropriate for longer-range or interference-prone settings, whereas OOK-based approaches are generally the
best option for energy-constrained design for low power consumption. While BPSK/QPSK alternatives handle
high-reliability applications like medical-telemetry and secure transmissions, ULP OOK architectures are best
suited for short-range, implantable, and wearable loT gadgets, according to the performance trade-offs.

Table 3. Performance summary of the existing LP-TR architectures

CMOS Frequency Data rate Supply X RX RX Output
Ref  process band Modulation (Mbps) Voltage power power sensitivity TXpower BER

(nm) (GH2) P V) (mW) (mWw) (dBm) (dBm)
[20] 130 2.2~2.488 OOK 1 1 45 9.5 -90 -4.4 10°
[21] 180 24 OOK 1 15 1 67.7 -30 -15 10°
[22] 110 24 GFSK 1 1.8 94 9.7 -93 0 10°®
[23] 180 24 OOKI/FSK 0.5 1.8 4.8 2.3 -60 +3 10°
[24] 65 60 OOK 0.01 18 1 5.2 -42 -10 108
[25] 28 24 OOK 1 0.8 12 0.64 -70 -20 10°®
[26] 180 0.78~2.4 0-QPSK 1 1 35 142 -93.8 +2.67 10°
[27] 180 0.7~0.9 BPSK 1 1.8 26 18 -85 +5 10°
[28] 65 35 00K 1 1 75 8.1 -42 -84 103
[29] 180 24 OOK 3.3 1 14 0.39 -87 +3 10°
[30] 65 4 FSK 0.001 1 11 0.42 -68 -10 10°
[31] 130 24 0-QPSK 1 12 22 17 -92 -17 10°®
[32] 130 24 BPSK 4.08 15 4.7 3.9 -39.8 -10to 5 10°
[33] 65 24 BPSK 1 0.8 2.8 2 -27.5 -47.3 10°
[34] 65 24 OOK 1 0.8 21 13 -25 -5 10°
[35] 180 3~5 BPSK 1 13 0.3 0.2 -74 0 10°

3.1. Discussion

The studied research focuses on the trade-offs between power, linearity, scalability, and application
area for different receiver architectures. High linearity and selectivity are crucial in situations where SHD
designs are still prevalent. Excellent harmonic rejection and SAW-less integration has been
demonstrated [36], [37], while Tohidian et al. [38] and Ferreira et al. [39] revealed that DT processing can
significantly save power, with BLE RXs running at just 2.75 mW. SHD has been expanded to
28-319 GHz at higher frequencies [40], [41], and even combined with acoustic filtering [42], demonstrating
its capacity to scale for 5G and THz networks. Compact and power-efficient, Zero-IF architectures need to be
carefully calibrated. With a throughput of 6 Gb/s at 60 GHz and a sensitivity of —81.4 dBm at 1.1 mW, as
demonstrated by Tomkins et al. [43] and Masuch and Restituto [44], Zero-IF is a highly suited technology for
BLE and loT. Mismatch and wideband difficulties were handled by UWB versions [47], [48], and calibration
techniques [46], whereas biomedical-focused devices achieved 0.33 nJ/bit energy usage [45]. The effectiveness
of Zero-IF in dense, LP, short-range wireless networks is demonstrated by these findings.

Low-IF RXs offer a fair compromise between Zero-IF accessibility and SHD robustness. Dual-
conversion and gyrator filters helped early GSM and Bluetooth/ZigBee solutions [49], [50], while adaptive 1/Q
mismatch correction [51] and weaver-Hartley algorithms [52] enhanced image rejection. Recent designs
demonstrated Low-IF's versatility for both loT and broadband applications by achieving 5.4 pJ/bit
demodulation [53] and multi-Gbps wideband performance [54]. Sliding-IF RXs have effective LO use and
frequency agility. Liu et al. [56] used phase-to-digital conversion to achieve 1.2 nJ/bit operation, while
Zhang et al. [55] made reconfigurable WBAN hubs possible. With its 115-fs jitter PLL efficiency [58] and
improved connectivity to 150 GHz CMOS [60] at mmWave, Sliding-IF is a highly desirable option for 5G and
multi-band 10T TRs.

SRG RXs operate at extremely low power levels aiming to targete medical implants at
350400 uW at early research [61], [62]. Subsequent designs adopted entirely on-chip trade-off tuning [67]
and decreased energy to 79 pJ/b at 80 Mb/s [66]. These findings support SRG's superiority in body-area and
medical applications, where linearity is subordinated to energy conservation. Lastly, a duty-cycled variant
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combining enhanced sensitivity and SRG-like efficiency has been introduced via the ASH technique [68]. It
has promised for biological and 10T sensing, particularly in applications where ultra-low energy is crucial,
while being little studied.

The findings demonstrate a definite application-driven selection across all architectures: SRG and
ASH are not conflicted in the implantable and biomedical areas, Zero-/Low-IF dominate LP loT and BLE,
while SHD and Sliding-IF have the greatest potential for high-speed mmWave/5G communications. Energy-
limited WSNs find Zero-IF designs very appealing since they do away with IF stages, which lowers chip size
and power usage. They are more susceptible to flicker noise and DC offset, though, this might impair
performance in settings where interference is common. However, despite requiring larger power budgets, SHD-
based systems offer superior linearity and improved robustness against DC offset, making them appropriate
for deployments in noisy or congested situations. SRG-based TRs are suitable for tasks requiring both
efficiency and moderate dependability because they achieve low energy consumption while preserving
moderate sensitivity. Modern trends emphasize hybrid or reconfigurable systems to satisfy multi-standard
needs, with the trade-off being striking the ideal balance between power, linearity, and integration difficulty.

3.2. Research gaps

In WSNs, wireless communication between mobility sensor nodes is commonly used to convey data
across dispersed locations. Because nodes are mobile in these networks, their structure is extremely dynamic
and changes quickly. In WSNSs, transmission-reception (TR) units commonly function in unstable and uncertain
environments with frequent changes in the network structure, node density, and channel environment.
Consequently, there are times when sensor nodes become unaware of the best routes, which results in more
retransmissions and decreased efficiency. Additional difficulties brought on by node mobility include energy
constraints, duplicated signalling, recovery delays, and frequent link failures. Nodes' wireless networks may
sporadically break and then reconnect, causing instability in the communication process as a whole. Despite
the fact that a large number of methods have been put forth in the literature to reduce energy usage in WSN-
based TR systems, the problems of long-term accessibility and effective energy use have not yet been
addressed. TR is one of the most power-intensive parts of a sensor node since it uses most of the available
energy for node-to-node communication and data transfer. Prior studies have mostly focused on energy
optimization from a broad standpoint, without thoroughly examining the precise role that TR modules play in
the sensor node's overall energy consumption. As such, there is still a lack of knowledge regarding the
relationship between TR design characteristics and the overall energy use pattern of WSNSs.

One of the main areas of research in this field is the application of ULP techniques to reduce WSN
energy consumption. Power-hungry TRs, unstable connectivity, and limited battery lifespan are some of the
challenges that must be overcome to achieve ubiquitous and independent WSNs. Because energy harvesting
(EH) technologies allow WSNs to harvest energy from ambient sources, including solar, vibration, or RF
energy, they have become known as a possible solution to this problem. The advent of EH based WSNs opens
the door for long-term, self-sustaining installations by offering an alternative to traditional networks with finite
lifespans powered by batteries. Nevertheless, more research is still needed to integrate EH procedures with
ULP TR designs to improve efficiency while preserving dependable communication.

Adding strong yet lightweight safety safeguards to WSN-based TRs is another crucial difficulty.
Signals are intrinsically susceptible to malicious assaults, surveillance, and eavesdropping because they are
sent across wireless channels. While traditional cryptographic techniques can offer security, they frequently
have high computational and energy costs, making them inappropriate for WSN nodes with limited resources.
The necessity for innovative security techniques designed especially for WSN TRs is highlighted by this trade-
off involving security and energy consumption. In order to guarantee the privacy and integrity of information
while consuming the least amount of energy and computational complexity, future research must concentrate
on creating lightweight authentication and security techniques.

Another significant restriction on TR design is carrier frequency offset (CFO), particularly for
inexpensive devices that are frequently used in WSNs. CFO causes inter-carrier interference (ICI), which raises
the BER of RF-based TR platforms and deteriorates signal quality. In intensive and mobile WSN installations,
where synchronization mistakes occur quickly, the negative consequences of CFO are increasingly noticeable.
More investigation is needed to create TR designs and compensation structures that can reduce CFO-induced
ICI while maintaining energy efficiency in order to solve this problem. In this field, methods including adaptive
filtering, digital frequency synchronization, and machine learning-based error correction may be investigated.

The greatest enduring problem for WSNSs is still limited battery power, especially when nodes are
placed in dangerous or remote areas. Because manual battery replacement or recharging is problematic in these
situations, effective power control methods are essential to extending the node's lifespan. Numerous studies
have looked at ways to maximize energy use through effective routing, adaptive transmission procedures, and
duty-cycling. Nonetheless, the TR unit still accounts for the majority of energy use during the transmission
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(TX) and reception (RX) phases. Targeted TR module modification is therefore necessary to increase network
lifespan without sacrificing performance.

Another important factor in the structure of WSN-based TRs is energy efficiency. Low dissipation,
efficiency, and minimal form factors are necessary for LP WSN systems. One possible way to achieve
sustainable TR functioning is to integrate EH from the surroundings. The creation of antenna-on-chip (AoC)
systems in particular offers a 10T of potential. To improve RF EH and overall TR efficiency, AoCs offer small,
low-profile, and reasonably priced antenna arrays that can be coupled with EH-enabled WSN nodes. In order
to accomplish substantial energy savings while preserving scalability and affordability, subsequent studies in
this field must concentrate on integrating AoC innovation with EH-based WSN TRs.

Lastly, a major research gap is the absence of digital architectures in current TR designs. Most WSN-
based TRs mainly rely on analog and RF components, which are more expensive and less scalable due to their
larger chip areas and higher power consumption. LOs and VCOs are examples of analog components that are
especially power-hungry and restrict the system's overall efficiency. The efficiency of WSN TRs can be
increased by substituting digital FSs for these parts, which can drastically lower power consumption and chip
space. Developing high-performance, LP, and affordable TR designs appropriate for extensive WSN
deployments is made possible by the shift to entirely digital architectures. This drives the research orientation
further.

4. CONCLUSION

A thorough analysis of RF-based TR architectures designed for WSN applications is given in this
work, with a focus on LP operation. Along with other performance criteria like NF and interference tolerance,
the analysis highlights the crucial difficulties of decreasing energy usage while maintaining excellent
sensitivity. Numerous architecture-based strategies have been investigated, and the results show that designs
based on SRG and Zero-IF provide significant benefits in terms of energy conservation. The urgent need for
creative LP TR alternatives that strike a balance between efficiency, dependability, and overall system
performance for future WSN deployment is highlighted by the substantial design challenges that still exist
despite recent advancements.

WSN-based TR architecture will advance in the future with the creation of Al-powered intelligent
designs that can dynamically learn and optimize methods of interaction depending on energy availability,
movements, and channel characteristics. To minimize needless retransmissions and increase network lifetime,
machine learning techniques integrated into sensor nodes can facilitate real-time modulation adaptation,
interference prevention, and energy-aware routing. The incorporation of RF, BB, EH, and security features into
a single ultra-compact SoC is known as chip-scale integration (CSl), and it is another exciting trend. In addition
to lowering costs and minimizing power loss, this integration improves sustainability for large-scale
implementations. AoC arrays and CSI can also be combined to enable small, energy-efficient connectivity to
integrated energy-collecting capabilities. Future studies should examine fully digital, adaptable, Al-driven, TR
designs with safe connectivity and EH features. With the help of these designs, WSNs will be able to function
independently in dynamic, resource-constrained contexts with low latency, high resilience, and long lifespans.
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