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Abstract. The high peak-to-average power ratio (PAPR) inherent in orthogonal frequency-
division multiplexing (OFDM) signals forces the high-power amplifier (HPA) to operate with
substantial input back-off (IBO) value, severely degrading transmitter power efficiency. This
paper investigates the joint application of adaptive tone reservation (TR) and clipping for PAPR
reduction in OFDM transmission over frequency-selective fading channels. The adaptive TR
scheme employs channel state information to dynamically allocate reserved tones to subcarriers
that experience poor signal-to-noise ratio (SNR) and are therefore of limited utility for data
transmission. Four configurations have been systematically compared: a baseline without PAPR
reduction, clipping only, adaptive TR only, and the proposed joint adaptive TR and clipping
scheme. Simulations for the case of a measurement-based underwater acoustic channel with
a hard-limiter HPA model demonstrate that adaptive TR alone achieves a 2.8 dB SNR gain
over the baseline at a target bit error rate of 103, without introducing in-band distortion. The
joint scheme yields a total SNR gain of 4.6 dB, combining the benefits from distortionless peak
suppression by TR with the aggressive clipping action. Relative to clipping-only operation, the
joint scheme decreases out-of-band emission by 3.5 dB and compresses the 99.5% occupied
bandwidth by 40%. These results confirm that the combination of SINR-based adaptive TR and
clipping provides simultaneous improvements in power efficiency and spectral containment,
making it a compelling solution for communication systems subject to both power and spectral
mask constraints.
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AnHOTammsA. Beicokmii TMK-(axkTop, MPUCYIINN CUTHAJAM ¢ OPTOTOHAJIbHBIM YaCTOTHBIM
ymiotHeHneM (OFDM), BeIHYXXIaeT BoIOMpaTh pabouylo TOYKY YCUJUTENS BAAJIU OT HaChIIIe-
HUSI €ro MepeaaToyHO XapaKTepUCTUKU, YTO CYIIECTBEHHO CHUXKAeT dHepreTudyeckyio addex-
TUBHOCTD Tiepenaryrka. B maHHOI paboTe MccieayeTcsi COBMEeCTHOE TpUMEHEHUE alanTUBHO-
rO pe3epBUPOBAHUS TOHOB Y KJIUIITUPOBAHUS ISl CHUKEHUS MMUK-(paKkTopa B CUCTEMAaxX CBSI3U
¢ OFDM mnipu paboTe B 4aCTOTHO-CEJIEKTUBHBIX KaHajlax ¢ 3aMUpaHusiMU. B mpenmaraemoit
agalITUBHOM CXeMe IPU pe3epBUPOBAHNU TOHOB UCIIOIb3YyeTCsI MHMOPMALIUS O COCTOSTHUM Ka-
Haja Il IMHAMMYECKOTO BBIACICHMS MOAHECYIIMX YaCTOT C HU3KUM OTHOIIIEHUEM CUTHaI/
1IyM, KOTOPbI€ MaJOINPUTOAHBI IJIsI TIepenadyu TaHHbIX, IJIsI U3TYYEeHUs CIy>KeOHOro curHasa
KOppeKInKu nuK-dakropa. B pabore cpaBHMBAIOTCS YeThIpe KOH(MUTYpallMu: 0a30BbIii BapuaHT
0e3 CHIXKeHMST TUK-(aKTopa, TOJIbKO KJIWIIKUPOBAHKUE, TOJBKO agalTUBHOE Pe3epBUPOBaHUE
TOHOB M TIpejiaraeMasi COBMECTHAsI CXeMa C aIallTUBHBIM pe3epBUPOBAaHMEM TOHOB U KJIUTI-
nupoBaHueM. MoaeanpoBaHue, BBHIIIOJHEHHOE IS TUAPOAKYCTUIECKOTO KaHajla ¢ MOJEIbIO
YCWINTENIS C XKECTKUM OrpaHMYEHMEM, TOKa3bIBaeT, UTO alalTHBHOE Pe3epBUPOBAHUE TOHOB
o0ecreunBaeT BBIMTPBIII B MOMEXOYCTOMUYMBOCTU IO OTHOILIEHUIO curHai/myMm B 2,8 nb 1o
CpaBHEHMIO ¢ 0A30BLIM BApUAHTOM IIPU LI€JIEBOI BEPOSITHOCTY OMTOBOI ominoku 1073, He BHO-
CsI TOTIOJTHUTEJIbHBIX McKaxkeHni. CoBMeCTHasI cXxema JaeT CYMMapHbBIil BBIMTPBIII 1O OTHOIIIE-
HUIO curHaji/iyM B 4,6 1b, coueras momaBlieHUE IMUKOB C MOMOILBIO pe3ePBUPOBAHUS TOHOB
n kaunmmpoBanue. CoBMeCTHas cXeMa CHUKAeT YPOBEHb BHEIIOJOCHBIX M3JTydyeHU Ha 3,5 nb
M COKpAalllaeT 3aHMMAaeMYyI0 I0JIOCY 4acTOT Mo ypoBHIO 99,5% mouiHoctu Ha 40% 1mo cpaBHe-
HUIO C OTIEJIbHBIM MCIIOJb30BAaHUEM KIUIIUpoBaHus. [TosydyeHHbIe pe3yabTaThl MOATBEPKAA-
[OT, YTO KOMOWHAIIMS aJallTUBHOTO paclipe/ieJIeHUsT TOHOB U KJIMIIIIMPOBAaHUSI 00eCIeunBaeT
OITHOBPEMEHHOE TTOBBIIIEHNE dHEPTeTUUECKON 3(D(HEKTUBHOCTU M YIYUIIEHUE CIEKTPaTbHBIX
XapaKTepUCTUK, UTO HejlaeT IIpeaiaracMoe pelleHne MpUBIeKaTeIbHBIM IS CUCTEM CBS3H,
paboTaIOIMNX B YCIOBUSIX OTpaHUYCHUI KaK 110 MOIIHOCTH, TaK U IO YPOBHIO BHEIIOJIOCHOTO
U3JIyYeHUS.

KiioueBbie ciioBa: nuk-¢axkTop, pe3epBUMpOBaHNE TOHOB, paclipeieieHue MOIIIHOCTH, alalTUB-
HBIC CUCTEMBI, TIOJABJICHNE BHEITOJIOCHOTO U3IYICHUS

Jna murupoBanmsa: Chilingarov A.O., Gelgor A.L., Avetisyan V.G., Adaptive PAPR reduction us-
ing tone reservation and clipping in OFDM transmission over fading channels // Computing,
Telecommunications and Control. 2026. T. 19, Ne 3. C. 108—120. DOI: 10.18721/JCSTCS.19309

Introduction

Orthogonal frequency-division multiplexing (OFDM) has been widely adopted in modern wireless
communication standards due to its robustness against multipath fading and high spectral efficiency.
Nevertheless, one of the inherent drawbacks of OFDM signals is the high peak-to-average power ratio
(PAPR), which forces the high-power amplifier (HPA) to operate with a large value of input back-off
(IBO), thereby degrading the overall power efficiency of the transmitter.
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To mitigate this issue, numerous PAPR reduction techniques have been extensively investigated.
Clipping is a straightforward and effective approach; however, it causes in-band distortion and out-
of-band (OOB) radiation [1—3]. In contrast, tone reservation (TR) is a distortionless technique that
reserves a subset of subcarriers for a peak-canceling signal [1, 4, 5]. While effective, TR comes at the
cost of spectral and power efficiency due to the allocation of reserved tones.

Recent literature has explored both hybrid combinations and adaptive strategies for these tech-
niques. A combination of TR based on the projected conjugate gradient (PCG) algorithm with con-
ventional clipping is proposed in [6]. While this work demonstrates the viability of joint PAPR reduc-
tion, the TR component operates statically and does not exploit channel state information (CSI). On
the other hand, research on adaptive TR has gained traction in multi-user and resource-constrained
scenarios in fading channels. An adaptive TR scheme provides PAPR reduction subject to through-
put constraints by allocating reserved tones within resource blocks. In [7], authors investigated joint
optimization of subcarrier allocation and TR for OFDM access, further highlighting the benefits of
adaptive tone selection. However, these adaptive TR studies [2, 3] focus exclusively on PAPR reduc-
tion without considering the impact of additional non-linear operations such as clipping on system
performance.

A distinct yet complementary direction was explored in [4], where the focus of TR was shifted
from pure PAPR reduction towards improving bit error rate (BER) performance. Specifically, the
authors demonstrated that adaptively selecting the reserved tones based on the signal-to-interfer-
ence-plus-noise ratio (SINR) of the fading channel yields significant gains in error robustness. Nev-
ertheless, the work does not address PAPR reduction itself, nor does it evaluate the combined effect
of TR with clipping distortion.

From the above review, a clear research gap emerges. Hybrid TR-clipping schemes have been pro-
posed in [1], and adaptive TR schemes exist for PAPR reduction [4—8] and for BER improvement
[9]. However, none of these works has investigated the joint operation of SINR-based adaptive TR
and clipping specifically for PAPR reduction over fading channels. Consequently, the potential pow-
er efficiency gains — as well as the spectral containment benefits — achievable by combining chan-
nel-aware TR with controlled non-linear distortion remain unexplored.

The primary objective of this work is to enhance the power efficiency and spectral containment
of OFDM transmission over fading channels through the intelligent combination of adaptive TR and
clipping. Unlike conventional approaches that apply PAPR reduction agnostically to channel condi-
tions, we aim to demonstrate that exploiting SINR knowledge for TR allocation yields a more favora-
ble trade-off between PAPR suppression, error rate degradation, and OOB radiation. By cascading
distortionless peak suppression (adaptive TR) with a subsequent clipping stage, we target a simultane-
ous reduction in required HPA IBO and OOB radiation [10].

To evaluate the extent of this improvement, we benchmark the proposed joint scheme and three
reference configurations under identical frequency-selective fading conditions:

1) No PAPR reduction: Baseline OFDM transmission without PAPR mitigation.

2) Clipping only: Conventional amplitude clipping applied to the OFDM signal.

3) Adaptive TR only: SINR-based TR as proposed in [4], applied for peak power reduction.

4) Proposed joint scheme: adaptive TR combined with subsequent clipping.

The analysis specifically quantifies the reduction of BER. Simulation results confirm that the pro-
posed joint scheme transmission with higher power efficiency.

PAPR reduction techniques

The problem of high PAPR in OFDM systems is well explained in the literature [1—5]. The large
envelope fluctuations of multicarrier signals force the HPA to operate with a significant power back-
off, severely degrading transmitter power efficiency. A comprehensive review of PAPR mitigation

110



4 Circuits and Systems for Receiving, Transmitting and Signal Processing

strategies can be found in [1] and references therein. Among the available techniques, this work focu-
ses on TR and clipping, described in detail below.

TR

The concept of TR emerged from the observation that, in frequency-selective fading channels, cer-
tain subcarriers experience such poor SINR that they become unusable for reliable data transmission.
Rather than leaving these degraded subcarriers idle, TR repurposes them to carry a peak-canceling
signal, thereby improving the PAPR characteristics of the transmitted waveform without sacrificing
useful data throughput [11, 12].

Formally, TR is a distortionless PAPR reduction technique wherein a subset of subcarriers is exclu-
sively allocated to carry a peak-canceling signal rather than user data. Let R denote the set of reserved
tone indices, and let D denote the complementary set of data-bearing subcarriers, such that

RND=@; RUD=[0,1,....N-1], N;+N,=N, (1)

where N is the total subcarriers number in OFDM symbol, N, R and N |, are reserved and data set sizes,
respectively. The transmitted frequency-domain symbol is then

d,,keD
X = > (2)
¢, keR

where dk is the data symbol drawn from a modulation constellation (e.g., QAM), and ¢, is the peak-
canceling coefficient on k-th subcarrier.

The objective of TR is to find the optimal correction vector C that minimizes the peak magnitude
of the resulting time-domain signal /F'F'7(x,). The optimization problem is formally stated as:

. 2 . R-1
min max IFFT(x, )|, subjectto Y c, <P, (3)
k=0
where the constraint limits the total power injected into the reserved tones to a predefined power
budget P_,.
Adaptive TR

Conventional TR allocates reserved tones at fixed, predetermined positions (typically equally
spaced across the available spectrum) without regard for the underlying channel conditions. This
static assignment, while simple to implement, is inherently suboptimal in frequency-selective fading
environments, as demonstrated in [9].

The core principle of adaptive TR is to exploit CSI to select which subcarriers should serve as
reserved tones. The key insight, introduced in [9], is that subcarriers experiencing poor SINR are of
limited utility for data transmission, as they would require excessive power or low-order modulation
to achieve reliable communication. Rather than wasting the degraded subcarriers on unreliable data,
they can be repurposed for peak cancellation.

In this work, we adopt the SINR-based allocation strategy of [9]. The adaptive TR scheme em-
ployed in this work departs from the conventional approach in two fundamental respects. First, the
number of reserved tones NR is not fixed a priori but is determined dynamically based on the instanta-
neous channel state. Second, the selection of which subcarriers serve as reserved tones follows directly
from a bit-loading procedure [13] rather than from a predefined rule.

This adaptive allocation strategy ensures that spectrally efficient subcarriers are preserved for user
data, while the peak-canceling function is offloaded to subcarriers that would otherwise contribute
little to the overall system throughput.
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Clipping

Clipping is a memoryless non-linear operation that limits the envelope of the time-domain OFDM
signal to a predefined threshold. Despite its conceptual simplicity, clipping remains one of the most
widely studied PAPR reduction techniques due to its low computational complexity and deterministic
peak suppression capability.

Mathematically, the clipping operation is defined as:

X, |x

n

<A
4
Aexp(jo(x,)),

>4

xl’l

where x is the n-th sample of the discrete-time baseband OFDM signal, 4 is the clipping threshold,
and ¢(x) is the phase of x .

The deep of clipping is conventionally parameterized by the clipping ratio (CR), defined as the ra-
tio of the clipping threshold to the root mean square (RMS) amplitude ¢ of the OFDM signal:

CR = (5)

A
.

In a practical transmitter chain, the clipped signal is subsequently fed to an HPA. The operating
point of the HPA is characterized by the IBO, which quantifies the margin between the average input
power and the amplifier saturation threshold A_m -

IBO = A“z‘” 1BO,, =101 Af‘” 6
e or ap — U108, | (6)

The CR and IBO parameters are inherently coupled. When the clipping threshold 4 is set below
the amplifier saturation level AW, the clipper effectively enforces a more stringent amplitude limit
than the HPA itself. In this configuration, the clipping stage reduces the PAPR of the signal before
it reaches the HPA. Consequently, for a fixed saturation level Am ,» a lower clipping threshold (small-
er CR) allows the HPA to operate with reduced IBO while maintaining the same level of nonlinear
distortion. The selection of appropriate CR and IBO values is therefore a joint design problem that
directly determines the trade-off between PAPR reduction, BER degradation, and power efficiency.
In this work, the clipping threshold is parameterized directly in terms of the target IBO reduction
rather than an abstract CR value.

Unlike TR, clipping is not a distortionless technique. The hard amplitude limitation introduces
two distinct categories of impairment:

1) In-band distortion: The non-linear operation corrupts the transmitted constellation, raising
the error vector magnitude (EVM) and introducing an error floor in the BER performance [14].

2) OOB radiation: The sharp amplitude truncation broadens the power spectral density (PSD)
of the transmitted signal, causing interference to adjacent frequency channels. In practical systems,
regulatory spectral masks impose strict limits on such emissions, making OOB radiation a critical
design constraint [15].

A standard approach to mitigate OOB radiation is to apply linear filtering after the clipping stage.
However, filtering modifies the signal envelope and inevitably causes peak regrowth — a partial res-
toration of the peaks that clipping was designed to suppress [1]. This cyclical trade-off between peak
suppression, in-band distortion, and OOB containment constitutes the fundamental limitation of
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Fig. 1. Joint PAPR reduction scheme

standalone clipping and motivates its combination with distortionless techniques such as adaptive
TR, as explored in this work.

Joint adaptive TR and clipping

The preceding subsections have established that adaptive TR and clipping offer complementary
mechanisms for PAPR reduction. Adaptive TR is distortionless but provides limited peak suppression,
constrained by the number of reserved tones.

The concept of combining TR with clipping to improve PAPR reduction performance was dis-
cussed in [6], which proposed a hybrid scheme that cascades TR based on the PCG algorithm with
conventional amplitude clipping.

However, the TR component employed in [6] operates statically: the reserved tones are allocated to
fixed, predetermined subcarrier positions without any consideration of the underlying channel con-
ditions. The present work extends this concept by introducing channel awareness into the TR stage.
Specifically, the fixed TR allocation of [6] is replaced by the SINR-based adaptive TR strategy.

The resulting joint scheme combines these two techniques in a cascaded architecture, as illustrated
conceptually in Fig. 1. The signal processing chain proceeds as follows.

Both the adaptive TR block and the clipping block are active, arranged in cascade. The signal is
first preconditioned by the adaptive TR stage, and the resulting peak-reduced signal is then clipped.
The benefits of this cascade directly address the limitations of each individual technique:

1) Enhanced PAPR reduction beyond standalone TR: adaptive TR alone is constrained in its peak
suppression capability by the number of reserved tones N » and the allocated correction power budget
PTR. In practice, this means that a residual fraction of high-amplitude peaks remains after the TR
stage. By cascading a clipping stage after the TR block, these residual peaks are forcibly limited,
achieving a PAPR reduction that is substantially greater than what TR can deliver in isolation. This is
the primary motivation for including the clipping stage: it compensates for the inherent peak suppres-
sion ceiling of the TR method.

2) Suppressed OOB radiation compared to standalone clipping: clipping alone introduces significant
OOB spectral regrowth due to the frequent and sharp amplitude truncations. In the joint scheme,
the TR preconditioning stage reduces the number and amplitude of signal samples that exceed the
clipping threshold A. Consequently, the clipper is activated less frequently and on peaks of lower am-
plitude, leading to an adjacent channel leakage ratio (ACLR) measurably superior to that of clipping
only.
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System model

System overview

The performance of the proposed PAPR reduction schemes is evaluated using a Monte Carlo sim-
ulation of a complete OFDM communication link operating over frequency-selective fading channel.
The simulation chain models passband OFDM modulation, application of one of the four PAPR
reduction configurations, high-power amplification with a hard-limiter characteristic, transmission
through a multipath fading channel, and receiver processing including equalization and symbol de-
tection.

A key enabler for the adaptive TR scheme is the availability of CSI at the transmitter. In this study,
perfect CSI is assumed at the transmitter side. The CSI is used as input to the greedy bit-loading al-
gorithm, which determines the modulation assignment and, consequently, the reserved tone set ¢, for
each channel realization. This assumption isolates the performance gains attributable to the adaptive
allocation strategy from any degradation due to channel estimation errors.

The main simulation parameters are summarized in Table 1.

Table 1
Communication system parameters

Parameter Value
Mapper constellations QPSK, QAM-16

FFT size 8192

Payload per OFDM symbol, bit 304
Number of data subcarriers (without TR) 152

Equalizer type Zero-Forcing
Target BER 103
Channel encoding type / code rate Convolutional / 0.5

Channel overview

The performance of the proposed PAPR reduction schemes is evaluated over a frequency-selective
underwater acoustic (UWA) communication channel. This propagation environment is chosen for
two reasons directly relevant to the present study.

First, UWA channels are characterized by strong and persistent frequency-selective fading caused
by multipath propagation arising from surface and bottom reflections [16, 17]. The low speed of sound
in water (approximately 1500 m/s) results in delay spreads that are orders of magnitude larger than
those encountered in terrestrial radio channels, producing deep spectral nulls on a subset of OFDM
subcarriers. This creates precisely the conditions under which a bit-loading algorithm will identify a
subset of subcarriers as unsuitable for data transmission and therefore available for TR.

Second, the UWA channel exhibits quasi-static behavior over the duration of a typical transmis-
sion packet. While the channel varies over longer time scales due to surface motion and platform
displacement, the coherence time is typically much longer than the duration of an OFDM packet,
particularly for moderate carrier frequencies (tens of kilohertz) and short packet lengths [16]. This
stability is essential for the adaptive TR scheme: the CSI obtained at the start of a packet remains
valid throughout its duration, allowing the reserved tone assignment to be fixed for all OFDM symbols
within that packet without re-estimation [18].

The channel parameters are derived from experimental measurements reported in the UWA com-
munications literature [13].
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The channel is assumed to be quasi-static: the impulse response /4(f) remains constant for the du-
ration of one transmission packet (comprising all OFDM symbols).

Signal-to-noise ratio metric

In the presence of clipping and hard-limiter amplification, the conventional £ 5 /N0 metric — which
is based on the average signal power — becomes dependent on the PAPR reduction scheme and the
operating IBO. To enable fair comparison across all four configurations, we adopt a scheme-inde-
pendent signal-to-noise ratio (SNR) reference based on the maximum available transmit power.

Let P = Afm denote the saturation power of the HPA, and let No denote the single-sided noise
PSD. The reference SNR is defined as:

2
SNR,, = B _ A (7
NO NO

This metric represents the best-case SNR achievable when the HPA operates at saturation. For a
given IBO, the actual average transmit power is:

P =P 1079 (8)

avg max

The conventional E, /N, can be recovered from SNR | /s

ﬂ: SNRrei 'IO_IBO/IO, (9)
N, log, M

where M s the average modulation order across data-bearing subcarriers. For the baseline case with
uniform bit loading 10g2]\7 =2.

Performance metrics

Two categories of performance metrics are employed to evaluate the proposed schemes: link-level
reliability and spectral containment. The primary metric for assessing end-to-end communication

P
quality is the BER as a function of the reference SNR ratio SNRrgf =0

0
In addition to link reliability, the spectral properties of the transmitted signal are of critical im-

portance in practical systems subject to regulatory spectral masks. Two complementary metrics are
employed to quantify spectral containment:

1. Peak OOB emission level is defined as the maximum value of the PSD measured outside the
assigned signal bandwidth.

2. Occupied bandwidth at 99.5% energy is defined as the frequency interval that contains 99.5%
of the total transmitted power.

Simulation results

Before evaluating the comparative performance of the four PAPR reduction configurations, it is
necessary to establish a fair operating point for the clipping-based schemes. The clipping threshold
A — equivalently expressed through the HPA IBO — governs the trade-off between peak suppression
and signal distortion.

The use of SNRref rather than the conventional average-power-based SNR is deliberate. In a prac-
tical transmitter, the HPA must be designed to accommodate the maximum signal excursion, not the
average signal level. When no clipping is applied (or when clipping is conservative, corresponding to
a high IBO), large-amplitude peaks force the amplifier to operate with substantial back-off. Conse-
quently, for a fixed HPA saturation power, the average transmitted power is low compared to the peak,
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Fig. 2. BER performance for clipped OFDM without TR for different IBO value

and the additive white Gaussian noise (AWGN) floor at the receiver dominates. As clipping becomes
more aggressive (lower IBO), these peaks are suppressed, allowing a higher average power to be trans-
mitted within the same peak power constraint — which, in turn, improves the effective SNR at the
receiver.

Fig. 2 presents the BER of the clipping only configuration as a function of SNRref for several
candidate IBO values.

The resulting curves reflect two competing mechanisms:

1) High IBO regime (e.g., IBO = 10 dB and above): clipping is conservative. Large signal peaks
remain largely unsuppressed, forcing the HPA to operate with a high back-off. For a given peak pow-
er constraint P, the average transmitted power is low, and the resulting SNRref yields a degraded
BER. In this regime, the dominant impairment is not clipping distortion, but poor power efficiency:
the HPA operates far from saturation, the low average transmitted power yields a reduced SNR at the
receiver, thereby elevating the BER.

2) Low IBO regime (e.g., IBO = 5 dB): Clipping is aggressive. Signal peaks are effectively sup-
pressed, enabling the HPA to operate closer to saturation and deliver higher average power for the
same Pmax. However, the severe amplitude truncation introduces substantial in-band distortion,
which manifests as an elevated irreducible error floor at high SNR | -

The optimal IBO is the value that balances these two effects. In the present simulations, the curve
corresponding to IBO = 8 dB achieves the lowest BER across the measured SNRref range. At this
operating point, the peak suppression is sufficient to allow efficient HPA utilization, while the clip-
ping-induced distortion remains within acceptable limits.

Based on this result, IBO = 8 dB is selected as the operating point for all subsequent simulations
involving clipping.

Fig. 3 presents the BER vs SNRmf curves for the four PAPR reduction configurations, evaluated
with IBO = 8 dB at the HPA. The required SNRmf values to achieve the target BER of 10— are ex-
tracted from the curves and summarized in Table 2.

First, the adaptive TR only configuration (Case 3) achieves a substantial 2.8 dB SNR gain over
the baseline. This result confirms that SINR-based adaptive tone allocation, originally proposed for
BER improvement in [4], is effective as a standalone PAPR reduction technique. By repurposing
low-SINR subcarriers for peak cancellation, the scheme reduces the PAPR without introducing any
in-band distortion, and this distortionless nature translates directly into an improved BER.

Second, the joint adaptive TR and clipping configuration (Case 4) yields an additional improve-
ment, achieving a total SNR gain of 4.6 dB over the baseline. Compared to clipping only (Case 2),
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Fig. 3. BER performance for OFDM system with and without clipping and adaptive TR

Table 2
Communication system parameters
System configuration Required P /N, (dB) SNR Gain vs Baseline (dB)
(1) non-TR, non-clipped (Baseline) 10.6 —
(2) non-TR, clipping only 6.1 4.5
(3) adaptive TR, non-clipped 7.8 2.8
(4) joint (adaptive TR and clipping) 6.0 4.6

the joint scheme delivers a modest 0.1 dB SNR gain. This incremental improvement is consistent with
the physical mechanism: the TR preconditioning stage reduces the dynamic range of the signal prior
to clipping, thereby lowering the frequency of clipping events and the associated distortion. While
the BER gain over pure clipping is small, the true benefit of the joint scheme becomes apparent when
spectral containment is examined, as discussed in the following subsection.

Fig. 4 presents the PSD of the transmitted signal for the four configurations, measured at the HPA
output. The PSD curves reveal the spectral containment properties of each scheme.

The following observations are drawn from Fig. 4.

Clipping increases OOB radiation: The clipping only curve exhibits a pronounced spectral broad-
ening, with the OOB emission level rising significantly above the baseline. This behavior is an inherent
consequence of the clipping non-linearity: the abrupt amplitude truncation at the threshold A intro-
duces high-frequency components into the signal, which manifest as spectral regrowth in the adjacent
bands.

TR mitigates clipping-induced OOB radiation: a comparison of the joint scheme (Case 4) with
clipping only (Case 2) reveals a measurable 3.5 dB reduction in OOB emission when the adaptive TR
preconditioner is active. The physical explanation follows directly from the cascaded architecture: the
TR stage reduces the number of signal samples that exceed the clipping threshold, thereby decreasing
the frequency of clipping events. Quantitatively, the occupied bandwidth — measured as the frequency
interval containing 99.5% of the total radiated power — is reduced by approximately 40% in the joint
scheme compared to clipping only.

In summary, the spectral analysis demonstrates that the joint scheme offers a dual benefit: it retains
the aggressive PAPR suppression of clipping while meaningfully mitigating its principal drawback
OOB spectral regrowth.
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Fig. 4. Transmitted signal spectrums

Conclusion

This paper investigated the joint application of adaptive TR and clipping for PAPR reduction
in OFDM systems operating over frequency-selective fading channels, with a particular focus on
the UWA propagation environment. Motivated by the SINR-based TR allocation strategy proposed
in prior works [7, 9], the study extended the analysis to evaluate the combined effect of this adap-
tive technique with conventional amplitude clipping. Four transmission configurations were bench-
marked in terms of BER performance and spectral containment.

The simulation results confirm the efficacy of adaptive TR as a standalone PAPR reduction tech-
nique. By dynamically allocating reserved tones to subcarriers with low SINR — as determined by a
greedy bit-loading algorithm — adaptive TR alone achieves a 2.8 dB SNR gain at a target BER of
103 compared to the non-reduced baseline, without introducing any in-band distortion.

The proposed joint adaptive TR and clipping scheme achieves the best overall performance, yield-
ing a total SNR gain of 4.6 dB over the baseline. While the incremental BER improvement over clip-
ping only is modest (0.1 dB), the joint scheme offers significant practical advantages in the spectral
domain. Specifically, the TR preconditioning stage reduces the frequency of clipping events, leading
to a 3.5 dB reduction in peak OOB emission and a 40% reduction in the 99.5% occupied bandwidth
compared to clipping only. This enhanced spectral containment is of particular value in systems go-
verned by stringent spectral mask regulations.

The results obtained for the UWA channel validate the proposed approach in a realistic prop-
agation scenario where the adaptive allocation of reserved tones is both feasible and beneficial. The
availability of perfect CSI at the transmitter, assumed in this study, is consistent with practical UWA
communication systems that employ channel estimation during the preamble phase of each transmis-
sion packet.

Future work will extend the analysis to channels with mobility-induced Doppler spread, where
the coherence time of the channel limits the validity period of the reserved tone assignment, and to
scenarios with imperfect CSI, where channel estimation errors may degrade the performance of the
SINR-based allocation strategy.

ABBREVIATIONS:

* ACLR — adjacent channel leakage ratio;
* AWGN - additive white Gaussian noise;
« BER — bit error rate;
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* CR — clipping ratio;

¢ CSI — channel state information;

* HPA — high-power amplifier;

* IBO — input back-off;

* OFDM — orthogonal frequency-division multiplexing;
* OOB - out-of-band;

 PAPR — high peak-to-average power ratio;

+ PCG — projected conjugate gradient;

* PSD — power spectral density;

* RMS — root mean square;

* SINR — signal-to-interference-plus-noise ratio;
* SNR - signal-to-noise ratio;

* TR — tone reservation;

+ UWA — underwater acoustic.
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