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ABSTRACT In recent years, besides spectral efficiency (SE), improving energy efficiency (EE) has
become a crucial optimization metric in radio resource allocation (RA). This work addresses the joint
problem of chunk-level spectral efficient chunk allocation, relay selection, and a subcarrier-level energy-
efficient power control algorithm in a multi-user multi-relay orthogonal frequency division multiple
access-physical layer network coding (OFDMA-PNC) system. The resulting mixed-integer nonlinear
programming (MINLP) problem is NP-hard and computationally intensive. To manage complexity, chunk-
level algorithms are used for subcarrier allocation and relay selection. Two MILP solvers and two heuristics
handle chunk and relay allocation via Alternating Optimization (AO) method, while power levels are
optimized using a convex optimization solver with the Dinkelbach (DKB) algorithm. Simulation results
indicate that in a mobile network where user equipment operates at a maximum consumed power of
33.6 dBm, our proposed joint chunk allocation and relay selection method outperforms the heuristic
approach, achieving 85% higher SE and a 47% improvement in EE. Additionally, our proposed suboptimal
power control algorithm achieves results closely matching the optimal solution obtained using the DKB
algorithm, demonstrating its effectiveness in balancing performance and computational efficiency.

INDEX TERMS Chunk allocation, OFDMA-PNC, optimization theory, physical-layer network coding,
power control, radio resource allocation, relay selection.

. INTRODUCTION

O ADDRESS challenges related to coverage, capacity,

and energy efficiency, relay communications have been
adopted by several standards, such as IEEE 802.11s, IEEE
802.16j, Long-Term Evolution-Advanced (LTE-A), and 5G
New Radio (SGNR) [1]. Relay communication networks can
be broadly categorized into one-way relay channels (OWRC)
and two-way relay channels (TWRC). In this work, we focus
on the half-duplex TWRC, where physical-layer network

coding (PNC) [2], [3] can significantly improve the spectral
efficiency. TWRC with PNC has promising applications
in wireless backhauling [4], cell-edge user scenarios [5],
smart factory environments, and relay-assisted device-to-
device communication in 5G and beyond-5G networks with
relays implemented on non-terrestrial platforms such as high-
altitude platforms (HAPs) and GEO satellites.

Relays usually operate using amplify-and-forward (AF) or
decode-and-forward (DF) protocols. DF-PNC offers higher
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throughput at low signal-to-noise ratios (SNR) by avoiding
noise amplification [6]. PNC frameworks are classified
as synchronous or asynchronous [7]. Synchronous PNC
ensures symbol and phase alignment using pre-processing
techniques, while asynchronous PNC relies on receiver-side
post-processing to handle symbol misalignment. This study
focuses on the synchronous DF-PNC framework.

To leverage the advantages of PNC systems and efficiently
allocate limited wireless resources such as subcarriers,
power, and relays, an effective radio resource allocation (RA)
scheme is essential for optimizing network performance. RA
algorithms typically aim to maximize spectral efficiency (SE)
or energy efficiency (EE) while also ensuring fairness among
users. The objective is to map users to the available resources
in a balanced and efficient manner. Energy efficiency metrics
have become vital in reducing the energy consumption
of wireless networks [8]. Unlike SE, which emphasizes
throughput, EE evaluates the trade-off between energy usage
and data delivery efficiency [9], allowing significant energy
savings with only minimal throughput compromise [10].

EE metrics are categorized as network-centric (e.g., global
EE (GEE)) and user-centric (e.g., weighted minimum user’s
EE (WMEE), the weighted sum of users’ EE (WSEE) [11],
weighted product of users’ EE (WPEE), and worst-case EE
(WCEE) [12]) [13], [14]. GEE, commonly used in downlink
scenarios, measures the ratio of total throughput to power
consumption, while user-centric metrics focus on optimizing
individual EE, typically in uplink transmissions [14].

Orthogonal frequency division multiplexing (OFDM) is
a key technology for wireless networks like 4G, 5G, and
Wi-Fi. In OFDM-based two-way relay channels, orthogonal
frequency division multiple access (OFDMA) enhances
performance via subcarrier pairing [15]. Resource allo-
cation in OFDMA relay communications is categorized
into per-subcarrier and subcarrier-pairing approaches. While
subcarrier pairing offers better performance by exploiting
channel dynamics, it is more complex [5]. This work
adopts the simpler per-subcarrier policy, assuming channel
reciprocity in TDD mode OFDMA.

Relay selection in multi-carrier OFDM systems is typically
categorized as subcarrier-wise or chunk-wise. A chunk
denotes a group of contiguous subcarriers sharing the same
modulation and coding scheme (MCS), ensuring uniform bit
error rate (BER) performance across each user’s assigned
subcarriers. Subcarrier-wise methods optimize each subcar-
rier individually, yielding fine-grained and outage-optimal
performance but at the cost of high system complexity and
signalling overhead due to coordination and synchronization
among multiple relays [16]. In contrast, chunk-wise methods
significantly reduce signalling overhead, enabling simpler
implementation [16], [17]. Practical OFDMA systems like
LTE and 5G NR adopt chunk-based resource allocation
to simplify system design. While most resource allocation
strategies in the literature emphasize subcarrier-level granu-
larity, chunk-based relaying, as explored in [16], [18], [19],
offers a scalable alternative.
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This work explores an OFDMA-PNC-based multi-user,
multi-relay system, where the downlink phase is identified as
the primary performance bottleneck. Given its suitability for
downlink scenarios and reduced computational complexity,
the GEE metric is preferred over more complex user-centric
alternatives such as WSEE. Accordingly, this work focuses
on analyzing the GEE metric.

The study addresses the non-deterministic polynomial-
time hard (NP-hard) optimization problem of joint chunk
assignment, relay selection, and power control, formulated
as a mixed binary integer nonlinear programming (MINLP)
problem [20], [21]. To tackle this challenge, a novel
mechanism is proposed. The proposed approach integrates
power-aware SE-based chunk allocation and relay selection
with EE-based power control in an OFDMA-PNC-based
multi-user multi-relay system, subject to total power in
each chunk and QoS constraints. In particular, the main
contributions of this paper can be summarized as follows:

- Unlike previous studies focused on single-relay scenarios
and asynchronous PNC frameworks, this work evaluates the
GEE performance of multi-user, multi-relay synchronous
TWRC with the DF protocol. Our goal is to maximize GEE
while ensuring QoS for each user, optimizing relay selection,
chunk allocation, and power allocation.

- Existing studies on relay-aided resource allocation for
multi-pair two-way relaying typically employ subcarrier-
level iterative algorithms for GEE maximization, which are
impractical for real-time implementation in multi-carrier
OFDM-based PNC systems due to their high computa-
tional complexity and signaling overhead [16], [22]. To
overcome this limitation, we propose chunk-level algorithms
that reduce the search space for subcarrier allocation and
relay selection, ensuring alignment with chunk-level relay
selection [16]. This formulation enables a joint optimization
framework at the chunk level that integrates chunk allocation
and relay selection while maintaining subcarrier-level power
control for fine-grained performance optimization.

- A pre-determined power scaling factor, computed at the
central base station (BS), is introduced for efficient power
control during subcarrier suppression in channel inversion-
based precoding, enhancing overall energy efficiency.

- The optimization problem in this work is an NP-hard
MINLP. We use a branch-and-bound-based algorithm to
reduce complexity by dividing variables into discrete, i.e.,
chunk and relay indices, and continuous, i.e., power levels,
categories. Two mixed-integer linear programming solvers
and two heuristic algorithms are proposed for chunk and
relay allocation using the AO method, followed by a convex
optimization solver with the Dinkelbach algorithm for power
levels. A suboptimal power control method is also proposed
and compared.

The remainder of this paper is organized as follows:
Section II reviews the state of the art. Section III intro-
duces the system model, while Section IV formulates the
optimization problem. Section V discusses the solution
approach for the EE-based optimization problem. Section VI
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presents the system design, simulation setup, and evaluation
results. Finally, Section VII concludes the paper and outlines
directions for future research.

Il. RELATED WORKS

Energy-efficiency maximization in relay-assisted communi-
cation systems has gained significant attention, particularly
in the context of joint resource allocation involving subcarrier
allocation, relay selection, and power control. This review
summarizes the key research contributions in this area,
focusing on OWRC and TWRC scenarios.

Generally, the joint optimization problem of subcarrier
allocation, relay selection, and power control is NP-hard,
requiring a trade-off between accuracy and computational
complexity. To address this, two main strategies are
used: disjoint-based [23], [24] and joint-based solutions.
Disjoint-based solutions (suboptimal) break the problem
into three subproblems: relay selection, subcarrier alloca-
tion, and power control. This method relaxes subcarrier
allocation parameters to indicate the fraction of time each
user may occupy a subcarrier [25]. Joint-based solutions
(optimal) employ methods such as the Hungarian algo-
rithm [26], branch-and-bound [21], alternating optimization
(AO) [27], and weighted one-to-one matching using bipartite
graphs [28].

Numerous studies have addressed the optimization of EE
in OWRC scenarios by focusing on various joint resource
allocation problems, such as subcarrier allocation, relay
selection, and power control. For instance, studies such
as [26] and [29] integrated subcarrier pairing and allocation
with power control. In [26], a two-user single-relay scenario
with DF protocol was examined, employing AO method and
the Hungarian algorithm for subcarrier pairing. On the other
hand, [29] tackled a multi-user single-relay setup with AF
protocol, utilizing the Hungarian method for subcarrier pair-
ing and allocation and the Successive Convex Approximation
(SCA) and Dinkelbach (DKB) algorithms for power control.
These works highlight sophisticated algorithmic approaches
to address the complexity of joint resource allocation in
OWRC systems. Further, [25] and [30] relaxed binary
constraints on subcarrier pairing and allocation indices to
real values, applying SCA for convexification and DKB for
power control in multi-user single-relay OWRC scenarios
with a DF protocol.

In multi-user multi-relay scenarios, the work in [31]
tackled the joint problem of relay selection, subcarrier
allocation, and power control in a multi-relay OWRC setup
with a DF protocol. They utilized heuristic algorithms for
relay selection and subcarrier allocation, and the DKB
algorithm for power control. Additionally, the work in [27]
evaluated the GEE in multi-user OWRC scenarios with
multiple relays and DF protocol, addressing the joint problem
of relay selection, and power control using various heuristic
and optimization techniques.

While OWRC scenarios have been extensively researched,
focusing on power control, subcarrier allocation, and relay

9324

selection, there is significant interest in optimizing energy
efficiency within TWRC systems. TWRC scenarios present
unique challenges and opportunities due to bidirectional
communication, requiring different optimization strategies.
The differences in RA between TWRC and OWRC, partic-
ularly in relay selection problems, highlight these distinct
optimization needs [32], [33].

The exploration of TWRC scenarios, though less preva-
lent, has gained attention for its potential to enhance
energy efficiency through bidirectional communication. For
example, [34] examined the joint problem of subcarrier
pairing and power control in an OFDMA-based two-user
single-relay TWRC setup with AF protocol, ensuring the
desired quality of service (QoS). This work approached the
problem in a disjoint manner, using suboptimal algorithms
for subcarrier pairing and the DKB algorithm for power
control. This disjoint approach reflects a pragmatic strategy
to simplify the intricate optimization process.

Expanding the scope to multi-user scenarios, [20] and [35]
investigated joint subcarrier pairing, subcarrier allocation,
and power control in OFDMA-based multi-user single-relay
TWRC systems with AF and DF protocols, respectively.
Solving the joint problem in a disjoint manner, these
studies employed a combination of suboptimal algorithms
for subcarrier operations and the DKB algorithm for power
control, further incorporating the SCA method to convexify
the problem. Similarly, [36] investigated GEE optimization in
an OFDMA-based multi-user, single-relay TWRC scenario
using the AF protocol while ensuring the desired QoS.
They approached this joint problem in a disjoint manner
by first determining fixed optimal subcarrier pairing and
allocation through two suboptimal algorithms. To convexify
the problem, they used the SCA method, and the DKB
algorithm was applied to address the fractional power control
problem.

In summary, OWRC research demonstrates a broader
exploration of EE maximization across diverse optimization
problems and solvers, including AO, SCA, and DKB
algorithms. Conversely, TWRC research, while valuable, is
less comprehensive and often relies on disjoint methods
and suboptimal algorithms, with the integration of relay
selection in TWRC scenarios remaining an area for further
investigation. Future research could address these gaps by
exploring more integrated solutions in TWRC settings.
Notably, the problem of joint chunk assignment, relay
selection, and power control has not been considered in the
context of a multi-user, multi-relay system based on DF-
PNC TWRC communication. In this work, we evaluate GEE
performance of a multi-user, multi-relay TWRC using the
DF protocol. To elaborate on these issues, the system model
will be formulated and discussed in the following sections.

lll. SYSTEM MODEL AND PRELIMINARIES

A. SYSTEM MODEL

In this work, we consider a multi-pair synchronous OFDMA
PNC system, extending the one-pair synchronous OFDM
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PNC framework from [7]. The system operates in a single-
cell two-way relay (TWR) network, as shown in Fig. 1,
comprising M UE pairs (2M UEs total) and R relay nodes
(RNs) using a DF-PNC protocol in half-duplex (HD) mode,
where relays cannot transmit and receive simultaneously,
consistent with [20]. All UEs engage in relay-assisted device-
to-device (D2D) communication coordinated by the BS,
which centrally collects relevant information for all links to
facilitate efficient resource allocation. Uplink and downlink
traffic is assumed to be symmetric and must be relayed
through one of the R RNs due to the absence of direct links
between UEs caused by path loss or shadowing. The channel
is considered quasi-static over each scheduling period,
with coherence time exceeding the scheduling interval,
and channel reciprocity is assumed, valid under time-
division duplex (TDD) OFDMA. The system uses OFDMA
with N subcarriers, grouped into chunks of N; contiguous
subcarriers, each assigned to a UE pair through the chunk
allocation algorithm described in Section V. For each user
pair (Ap, Bm), where me{l,2,..., M}, we denote by
ki,a,, and ki g, the subcarriers allocated to Ay and By,
respectively, during the first hop (uplink phase). Overlapping
subcarriers are defined when both users are assigned the
same subcarrier, ie., ki a, = ki, = ki. On such
subcarriers, both users in the pair transmit simultaneously
to the relay, which applies the PNC mapping operation to
exploit this intentional interference [37]. The subscript “1”
in the notation refers to the first hop (uplink), while the same
index “2” is later used to denote the second hop (downlink).
To simplify our formulation and optimization problem, we
adopt a per-subcarrier policy in which the same subcarrier
index is used for both uplink and downlink phases, i.e.,
ki = ko for each UE pair [15]. As illustrated in Fig. 1, the
subcarriers assigned to each pair of links are identified by
identical numbering and colors. Furthermore, in both time
and frequency domains, the resources allocated to each pair
in uplink/downlink are orthogonal to the resources used by
other pairs in uplink/downlink links.

Accordingly, like the original PNC signaling [2], in this
PNC-based framework, packet exchange is completed in two
time slots or phases: the multiple access (MA) phase (uplink)
and the broadcast (BC) phase (downlink). Joint resource
allocation tasks are carried out during these two consecutive
time slots (T and T,) at the BS.

1) MULTIPLE ACCESS (UPLINK) PHASE

In the first time slot Ty, each of the M paired UEs, denoted
as (A, Bm), where me{l,2,..., M}, aims to exchange
information with each other through R candidate relay nodes
on the same subcarriers (kja,, = ki,, = ki). They transmit
their signals simultaneously toward the best relay node,
which is selected based on an optimization criterion.

To achieve equal amplitude and equal phase (synchronous)
arrival of the baseband received signals for each paired
UEAn, and UEgy, which is required for PNC mapping
operation in QAM modulations [7], we propose a power
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M-th UE pair

FIGURE 1. System model of the scenario of multi-UE pairs, multi-relay OFDMA-PNC
system.

control mechanism. This mechanism customizes the channel
inversion-based precoding approach outlined in [38].

Using channel inversion-based precoding, the power and
phase adjustments for each paired UEa,, and UEg,, are
determined to ensure equal amplitude and synchronous phase
at the relay node. The transmission power Pa , and Pg , as
well as the precoding weight factors W, and Wg , are
calculated as:

VPan = Véan/IHarIk1]],
vPB,, = /6B, /IHprIKk1] (1)

and

Wa, = exp(—jZHa,rIk1],
Wg,, = exp(—j£Hp,rlk1]. 2

Here, Ha,rlki] and Hgp r[ki] represent the channel
coefficients of subcarrier k from UEa, and UEg, to the
relay, respectively. Meanwhile, |.|, and Z. denotes amplitude
and phase of (.). Assuming channel reciprocity, we have
Ha,r[k1] =Hgra, k1], and Hp r[ki] =Hgrp,[ki]. In these
expressions, 64, and dga,, are pre-determined power scaling
factors, set by the BS. To suppress a minimum number of
subcarriers that are in deep fading states, these factors—
bounded as 0 <65, <1 & 0 <ép,, < 1—are applied by the
UE pairs for power control during transmission. This
approach avoids unnecessary power amplification over
highly attenuated subcarriers and improves the system’s
energy efficiency. Using these parameters, the transmitted
signals in Phase 1 for each paired UEs of UE4,, and UEg,
are expressed as:

VO0An Xanlki]

3
Ha,, k1] ©)

VPanWa, XA, lki] =
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and

VOB, XB, kil

vPB,.Wg, XB,, [ki] = o K]

Here, Xa,,[ki] and Xgm[ki] are the transmitted symbols
from nodes A and By, respectively on the subcarrier
ki, where k1 = 1,2,...,N, and m=1,2,..., M. These
symbols use the same order of equally likely M-QAM
modulation constellations, with an average symbol power of

“4)

Palki] = E(IXa, [ki112) = B(1Xg, [k 11?) = ZMT_ldz,
5)

where 2d = 2\/3Eb(log2L) /(M — 1) denotes the Euclidian
distance between the neighboring constellations in inphase
and quadrature components of the M-QAM signal which are
L-PAM signals (L =+/M), given an energy of Ey, per bit [39].
Since using channel inversion-based precoding may largely
increase power consumption and thus deteriorate its EE
performance [40], it is necessary to devise a way to improve
its EE performance by considering all of these factors.
Using the maximum transmit power (Pmpax) constraint on
each chunk, the UEs use a truncated channel inversion
power control mechanism such as the subcarrier suppression
method as in Section V-A ([38]).

To ensure that the signals received at the relay from each
paired UE are aligned in both amplitude and phase, the
following condition must be satisfied:

VP Wa,Hy grlkil=/Pp,Wg, Hp glkil. (6)

After substituting Pa_, Pg,,, Wa,, and Wg_ parameters
from (1), and (2), in (6) we have

8A, = 0B, = Smlki], 0 < dmlki]=<1 @)

in which dy[k1] is defined as in (44) in the Appendix.

Using this channel inversion-based power control mecha-
nism, at the r-th selected relay (hereafter referred to simply as
the r-th relay, though we continue to use R; interchangeably
where appropriate to improve readability), as discussed
in [7], the resulting superimposed received signal on the
subcarrier k becomes:

M
Yrlki] = Z Vomlki]l (Xa,, k1] + Xg,, [k1]) + Nr [ki],
m=1

Vke{l,2,...,N} (®)

where Ng[ki] is the receiver noise at the relay node r
which is additive white Gaussian noise (AWGN) and has a
complex normal distribution as Nr ~N¢ (0,No¢?), where N
is the Fast Fourier Transform (FFT) size, o = No/2 is the
noise variance per subcarrier, and Ny is the power spectral
density of the noise. We assume that channel coefficients are
invariant during each of the two time slots of PNC signaling.
The channel coefficients, which comprise two components
of the large-scale and small-scale fading components are
modelled as in [7]. It should be noted that in OFDMA
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signaling, each UE pair m is allocated only one chunk of
the N subcarriers (consisting of Ny subcarriers), where the
subcarriers within that chunk carry nonzero values, while
the remaining subcarriers are set to zero and reserved for
other UE pairs to transmit their data.

In our OFDMA-PNC framework extended from the
OFDM-based framework created based on Wi-Fi standard
as in [7], each chunk has Ny = N/M subcarriers (N| = 64)
subcarriers. Since noise is added in the time domain, it affects
all subcarriers. To estimate the SNR per subcarrier and
the average SNR in OFDMA symbols, since each UE pair
(A, Bm) operate on the same frequency bands (chunks),
while other UE pairs (A,, By) with n # m, use orthogonal
subcarriers, with a noise equivalent bandwidth of W; =
W/M, the frequency domain SNR at the relay corresponding
to the m-th UE pair contribution on each subcarrier kj is
given by:

E(Iv/Smlki1(Xa, k1] + X, ki)

SNRg([ki] = N
Ut

/
_ M.P s(S;n[kl] ©)

Ot
in which P’ is the average symbol power of the superposed
signal at the relay before PNC mapping operation, calculated
as follows. For example, in our synchronous OFDM-PNC
system, if each of the transmitted signals has a 16-QAM
constellation, the resulting superimposed signal has a 49-
QAM constellation since using [41, Table 2], each of
the I and Q components of the superimposed signal has
7-PAM constellations. The minimum distance, defined as the
Euclidean distance between adjacent constellation points in
the 49-QAM constellation, is dyin = 2d. Hence, the average
symbol power is as in [39],

P, = 35d%. (10

Furthermore, since the transmit power of both source and
relay nodes has an upper limit and cannot have an arbitrarily
high value, we consider the parameter Prp,x as the maximum
available total transmit power for each chunk assigned to
each UE pair. We assume that Pomax = PBmax = Pmax, and
this maximum power is equal for all UE pairs. To respect
the maximum, transmit power limit of the UEs, we must
suppress some subcarriers that are in deep fading states not
to be scheduled in our RA process. To relate the maximum
level for the transmit power (Ppax) into the maximum level
for the consumed power (P'max) we use P'max = Prax/Mm,
where 1y, is the m-th UE pair power amplifier (PA) efficiency
parameter.

2) BROADCAST (BC) PHASE

In the second time slot (phase), the selected relay node
(through relay selection algorithm) performs PNC mapping
on each subcarrier as in [7], converting Yr ([ki] in (8) to
Xg,r[k2] and then broadcasts Xg [k2] toward both paired-
nodes (A, Bn) on the same subcarriers. To define the
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links between each pair of UEs and different relays, two
sets of integer binary variables including the subcarrier
allocation indicator, t,(ki, ko), and the relay selection indi-
cator, prm(ki, k), are introduced as follows. The variable
tm(ki, ko) takes the value of 1 if the subcarrier pair
(k1, ko) is allocated to the m-th UE pair, and 0 otherwise.
Furthermore, the binary variable p;m(ki, ko) assumes the
value of 1 when the relay R; is selected for communication
with the m-th UE pair, and O otherwise.

Using the per-subcarrier policy, as mentioned before,
utilizing the same subcarriers (ko = k) for both uplink and
downlink phases for each UE pair [15], the received signals
at Ay, and By, on subcarrier k; are given by:

M
Yaulkil = VProcm(ki, ki) tm(ki, ki)
m=1

Ha, [k 1Xg[ki] + Na, [k11], an

and

M
Yo, kil =Y v/Prorm(ki, ki)Tm(ki, ki).H,, [ki 1Xg[Ki]

m=1
+Ng,, [ki]. (12)
For simplicity, we denote prm(ki, ki) as prm(ki)

and ty(ky, ki) as tym(ky) in the subsequent formula-
tions. Furthermore, without loss of generality, we assume
k; = k. To provide a compact representation, we define
a three-dimensional binary allocation index Xpmkr =
Pr.m(K)Tm(k). When Xpmkr = 1, it means that relay r is
used to relay the signals of the m-th UE pair utilizing the
subcarrier k. Otherwise, we have xp xr = 0.

Assuming channel state information (CSI) is known at the
receiving end, each node can omit its own transmitted signal
component from the received signal and recover its desired
(its pair’s user’s) data.

In the following
optimization problem.

subsection, we formulate GEE

IV. FORMULIZATION OF THE OPTIMIZATION PROBLEM
The GEE is defined as [11],

_Rum(P)

GEE =
Pr(P)

13)

for which Rgm(P) and Pr(P) are the total system rate
and the total power consumption, which are defined as
in Sections IV-A and IV-B, respectively. The vector P =
[P1,P2, ..., Py, ..., Px] represents the system power on
N subcarriers for which Py = [Pa,, [k],Pg,, [k],Pr ([k]] is the
vector of the system power on the subcarrier k.

A. ACHIEVABLE SUM-RATE ESTIMATION IN THE
MULTIPAIR TWRC

Using the Shannon capacity formula, the achievable sum-
rate of the TWRC using DF-PNC relaying protocol on each

VOLUME 6, 2025

subcarrier k, for one round of communications with two time
slots is given by [42],

Roum,m = Ra,B, + RBA,, = min{Cx,r, Crg,}

+min{Cg,Rr, Cra,,} (14)

where Ra, B, and Rp A, denote the achievable rate from
node A, to node B,, and from node B to node Ap,
respectively, each of which is expressed in the unit of
[bits/sec/Hz]. In (14), Cx,r and Crx,, are the link capacities
between the source/destination node Xy, and the relay node,
R;, (where X,€{An, Bm}) in the first and the second time
slots respectively as follows.

1
Cx,R = 510g2(1+SINRR‘Xm), Xm, Xn€{Am, Bn};m#n

1 Hrx. |*Pg; [K]Pr[K
1g<1+| R | sl[]R[]>’

Crx,y = Flog o2
Xm

Xm; Xn€{Am, Bn};m7n 5)

where Cx,r is the achievable rate (capacity) for Xy,. The
factor 1/2 is due to two time slots of TWRC [37], while each
node only transmits in one time slot of two. Since using DF-
PNC protocol [20], the transmission of each pair of (A, Bm)
are on the same overlapping subcarriers, the By, contribution
is as an interference in the link A;,—R;. From (3)—(5), the
signal-to-interference plus noise ratio (SINR) at the relay R;
due to each of the UEs in the m-th paired UEs (A, Bm)
sharing the same chunk subcarriers is as

P.1[k][Hx r|*P Pg1 [K]8mlk
SINRg x., = s1 (K] Hx R | sz _ s1l ]zm[ ] (16)
IHx,r|*Px, + 0k OR

where crl% is the relay side receive noise power. Since each
UE pair (An, By) are working on the same chunks while
other pairs (Ap, Bn) with n # m are working on orthogonal
subcarriers to this pair, the interference term contribution
of ‘HXHR‘Z.PXH in SINR is omitted in (16). Indeed, using
precoding-based OFDM-PNC, the AWGN channel condition
is achieved as in (8), and capacity of (15), would be as:
Py [K]8m[K]
o)

5

Cx,R = %log2(1+

1 Hrx,, |*Ps1[k]Pr[k
CRXm:510g2<l+| o, PP KPRl ]>. a”

ox.,

Assuming a)z(m = o2 for all the UEs, by plugging (17)
into (14), and since the logarithm function is a monotonically
increasing function, we obtain

Ps1[k]6mlk
Rsum,m = 10g2 (1 + min ibl[]Zm[]’
OR
[Hrp,, [K]|*Psi [KIPR[K] |Hga,, [K]|*Ps1 [K]IPR[K]
(72 ’ 02 .
o Xim

(18)

Due to the existence of min(.) in (18), as we will see in
the next subsections, the GEE problem in (13) belongs to the
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class of max-min programming problem [14]. Through some
simplifications, we can convert this problem to a max pro-
gramming problem as follows to speed up the optimization
algorithm’s convergence rate. For the simplifications, we
make some assumptions as in the following.

Assuming equity of the noise variances in all the receivers,
o)z(m = ‘71% = o2, as discussed in [43], in optimal power
allocation scheme, relay broadcast rates/capacities (CPNC)
should always be greater than the uplink rates/capac1tles
(Cx,,r), which from (18), this corresponds to the inequality
of

Pq1 [k]6m[K] <P [K]Pg [K]|Hgg,,

Psl [k] 6m

,Vke({1,2,..., N}
(19)

[k] <P [K]Pg [K][HRa,, [K]]?

Otherwise, the UE,,, and UEg A must put more power
in the uplink phase. Indeed, this is useless when the relay
cannot broadcast at those rates in the downlink phase. Hence,
using (19), the equation (18) can be simplified as below:

P [K]18m[K
Ryumm = log (HL;““) (20)
OR
Subject to: Cy: 8m[k]<Pgr[k] min{ |Hgg,, [ [k]|2}
Vke{l,2,...,N}.
Now, from C; in (20), we can write Pr[k] variable as
Smlk

Prlk] > ml<] @1

~ min{ |Hgg, [k |Hgra,,[kI[?}’

where Pr[k] is the transmitted power at the relay.
Using (20), the total sum-rate in the multipair TWRC is
as
R M Nyged

Rsum,Total(l_)) = Z Z Z Xm,k,r Rsum,m(k)-

r=1 m=1 k=1

(22)

B. TOTAL POWER CONSUMPTION IN THE MULTIPAIR
TWRC

The total power consumption in multi-pair multi-relay
TWRC can be expressed as [11]

M N
_ Pnlk
PT<P)=§:<Pc,m+§ Pul ”)
m=1 k=1 m

R N
Y (P £ PR—““) , 23)
r=1 k=1 Nr
in which Py[k] (= Pa,lk], or = Pg,_[k]), and P. are
respectively transmit power and circuit power of the m-th UE
pair, while Pg ;[k] and P, ; are the transmit power and circuit
power on the subcarrier k of the r-th relay, respectlvely [13].
The consumed power of the relays (PRr ) and the source
nodes (UEs) ( lr‘]lk]) are limited by PRrMaX, and P'A .
respectively. We assume that PA max = PBmax = Pmax,
P max = P'max/Mm, and this maximum power is equal for all
UE pairs. The parameters ny, and n; are the m-th UE pair
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and R;-th (simply denoting as r-th) relay power amplifier
(PA) efficiency respectively.

Using the channel inversion-based precoding as in (1),
equation (23) can be rewritten as

M N SwPylkl 1 )
Pr(P) = Z (PC’m + 2= IHx R IK][Z m
m=1

- ( a PRr[k])
+) (Per+ D) ——. (24)

r=1 =1

To avoid excessive power consumption on subcarri-
ers experiencing deep fading (i.e., |Hx,r[k]|< Threshold),
we apply the subcarrier suppression method described in
Section V-A, whereby such subcarriers are deactivated and
excluded from transmission. Here, the Threshold represents
a minimum acceptable channel gain level, below which
reliable transmission cannot be guaranteed without requiring
excessive transmit power.

C. GEE OPTIMIZATION PROBLEM
To define GEE under the QoS constraints of the sum
rate, we start our formulizations at the subcarrier-level.
From (13), (22), and (24), the GEE problem can be
formulated as

Py: refer to the bottom of the next page.

R M
StC Y Y xmkr =1 Xmkr€{0, 1), Vke{1,2, ... Nyseal;

r=1 m=1

M
C2: Y ) Xmkr<NRmax Vre(l,2,...,R};

m=1 k=1
mx64
Pr [k
Gy Ry el 2 R) Yme(1, 2, M
k=(meDx6d41
mx64 PA,“ k] mx64 SmlK] 1 !
C4: Z - = Z mi_ max
kemoDx64+1 MM k=(m—1)x644+1 " AmR Tim
mx64 PBm [k] mx64 8m [k] 1
T T Fino B iy = ™
ke(moDx64+1 M k=(m—1)x64+1 I BmR Nm

Vme{l, 2, ..., M},
Smlk
- nl ]2 3 vk
nexminf{ [Hgs,, [k]|” [Hra, [k1|"}
Ce: Prr[k]> 0, Vr, k

Cs: PrIk]>
(25

where Nysed,m< N is the number of used (active) subcarriers
in the channels of the m-th UE pairs which is determined
in the subcarrier suppression process as in Section V-A.
Furthermore, as discussed before, when the binary variable
Xmk,r = 1, it means that relay r is used to relay the signals
of the m th UE pair utilizing subcarrier k. Otherwise, we
have xpy xr = 0. To avoid interference, this binary variable
must satisfy the above-mentioned constraint of C; and C;.
The constraint C; mandates that each subcarrier k, can be
allocated to only one UE pair. The constraint C, ensures
that each relay r, can be selected up until Nrpmax times
for different UE pairs (Am, Bm). The constraints C3 to Cg
represent individual power constraints at each node. It should
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be noted that since Nyged, m subcarriers are activated in

OFDM signaling, the ld factor appears in the numerator
used, m

of (25), (i.e., Reum—orpma (P)). In (25), as said before, the
parameter Pp,x is the maximum available total power for
each chunk assigned to each UE pair.

On the other hand, the optimization variable in the
numerator of (25) is Xm k,r, While the numerator is indepen-
dent of the variable Pg ([k]. Conversely, the denominator’s
only optimization variable is Pg[k]. Consequently, SE
optimization is performed for subcarrier and relay selection
tasks, focusing on the numerator. Meanwhile, EE-based
optimization is applied to the power control task, considering
GEE metric as defined in (25) at the subcarrier level. To
implement chunk-level relay selection and chunk allocation
within our OFDMA-PNC system framework, which is the
focus of this work, the resource allocation problem in (25)
is reformulated accordingly, while power control remains at
the subcarrier level.

D. CHUNK-LEVEL RESOURCE ALLOCATION
FORMULATION

In the proposed chunk-level processing, we employ a fixed
power scaling factor §,, for each chunk (see (43) in the
Appendix) and enforce equal modulation order and equal
transmit power (Pgi[k] =Pg1) across all subcarriers within
a chunk to ensure equal-amplitude and equal-SNR arrivals
at the relay, as described in (8) and (9). Under these uniform
modulation and equal power constraints, the achievable rate
is lower than the Shannon capacity. In particular, the log,(.)
term in the Shannon expression assumes adaptive modulation
across subcarriers, fully exploiting per-subcarrier channel
variations, which is not applicable in our framework. Hence,
it cannot be used as the actual data rate.

Furthermore, because we employ a subcarrier suppression
method (see Section V-A), only the active subcarriers in
each chunk contribute to data transmission. Let Ry, (m, c, 1)
denote the number of active subcarriers for the link between
the m-th UE pair and relay r on chunk c. Following [8],
we define an SE-like metric based on Rgm(m,c,r),
which represents the effective transmission rate (bit/s). This
metric provides finer granularity for optimization in the
Rgum(m, ¢, r) search space by using integer-valued active
subcarriers, rather than relying on the real-valued log,(.)
term (logz(l—i-%

R
level constraints and subcarrier suppression.

By applying this SE-like metric to the GEE formulation,
we obtain a simplified optimization problem that captures
the effective transmission rate relative to the total consumed
power. This leads to the following reformulation:

P>: refer to the bottom of this page.

) and naturally incorporates chunk-

R M
st.C1 )Y xmer =1 Xmer€f0, 1), Vee(1, 2, ..., Ck;

r=1 m=1
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m=1k=1
C'3 to C'g : like C3 to Cg, with replacing 8m[k] with 8y, (26)

Here, S(m, ¢, r) = bRgym(m, ¢, r)/Ts represents the sum
rate for the link between the m-th pair and relay r on
chunk c, where Tg is the OFDM symbol duration, and
b = log,(Q) is the number of bits per QAM symbol with
order Q. Ryym(m, ¢, r) denotes the total number of active
subcarriers of the m-th UE pair, which is determined from the
number of good subcarriers—a function of §;,—as described
in Section V-A. The constraint C’; ensures that each chunk
¢ can be allocated to only one UE pair, while constraint C',
limits each relay r to being selected at most Nrpmax times
across different UE pairs (Ap, By). Like (25), the remaining
constraints represent the individual power constraints at each
node, where C’3, C’4 and C’s also incorporate subcarrier
suppression method as described in Section V-A.

If different UEs require different data rates, a fair
resource allocation strategy is to distribute radio resources
proportionally to their rate constraints. Let Ry, denote the
required data rate for data transmission between A, and
Bp. Following [44], we introduce the following constraint
to (26):

N

C'r: Zmin{RAm_Bm‘ o RBu—An ) =S(m,c,1) =Ry
k=1

=Ro: me(l,2..... M} 27)

where R (in bits/sec) represents the QoS threshold. Since
Rgum(m, ¢, r) denotes the total number of active subcarriers
for the m-th UE pair—determined via the subcarrier sup-
pression method described in Section V-A—an alternative
constraint can be used:

C'7 : Rym(m, ¢, 1) >S; (28)

where S (in subcarriers/chunk) represents the QoS threshold
for the minimum number of active subcarriers allocated to
the m-th UE pair’s chunk.

Due to the existence of binary variable Xpy cr, and real-
valued PR [k] variable, the optimization problem of joint
chunk allocation, multi-relay selection, and power control
of P> in (26) is a MINLP problem, that is NP-hard and
computationally prohibitive, making it challenging to find
the global optimum solution [20], [21].

V. SOLVING THE EE-BASED OPTIMIZATION PROBLEM

The joint optimization problem of (26) is NP-hard, so finding
the optimal solution is not computationally feasible and
trade-offs must be made regarding computational complexity
and performance. To address the joint optimization problem
with three optimization variables, i.e., chunks, relay indices,
and power levels, by assuming a constant value for the &p,
parameter as described in equation (52), and the constraint
inequality of (19), we decouple the 8, parameter from the
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chunk and the relay indices and the Pg [k] variable. This
approach enables us to separate the optimization variables
into distinct groups, reducing the complexity of the joint
optimization problem.

Instead of searching through all possible combinations of
chunk-level chunk allocation, relay selection, and subcarrier-
level power control, which may involve unnecessary
dimensions of the search space, we utilize a branch-
and-bound based algorithm. We divide the optimization
variables into discrete and continuous variables, thereby
decoupling the joint optimization problem into two distinct
groups:

1. Joint chunk and relay indices: A discrete optimization
problem, which can be solved using mixed-integer linear
programming.

2. Relay power variable: A continuous optimization
problem.

To jointly address the above-mentioned problems, we
adopt an alternating optimization (AO) approach as described
in [27] and illustrated in Fig. 2. In this framework, the
chunk and relay indices are optimized first, followed by
power allocation at the subcarrier level using a convex
optimization solver (e.g., the Dinkelbach algorithm). The AO
algorithm operates iteratively, optimizing one parameter at
a time while keeping the others fixed, and proceeds for up
to npo iterations. Since the power allocation step does not
affect relay or subcarrier selection, it is executed outside
the AO loop. This layered structure ensures that the overall
optimization can be efficiently completed within the channel
coherence time, leveraging predicted CSI. It should be noted
that in Fig. 2, Rgm represents the computed good chunk
matrix. Furthermore, C¥ and R}, denote the optimally (or
suboptimally) selected chunk and relay, respectively, for the
m-th UE pair, and E represents the optimal power allocation
vector for the corresponding selected relays at the allocated
chunks.

UEs transmit power is determined by channel inversion-
based power control, while relays power is optimized for
energy efficiency. To improve reliable channel-inversion
OFDM-PNC, subcarrier suppression is integrated with relay
selection and chunk allocation, following the strategy in [46].
The proposed algorithm includes three main stages as in the
following subsections.

Remark (Tensor, Matrix and Vector Notation):
Throughout this paper, bold uppercase letters denote tensors
or matrices (e.g., X, while plain symbols with indices
denote their elements (e.g., X(m,c,r)). For example,
Reum €RM*CXR represents the tensor of active subcarriers
across UE pairs, chunks, and relays, while Rgym(m,c, 1)
denotes the element corresponding to the m-th UE pair,
chunk c, and relay r.

Matrices are treated as two-dimensional tensors. For
example, YERM*C is a matrix with elements Y(m, c).
Vectors are considered as one-dimensional matrices; for
example, ZeR"*M denotes a row vector with elements
Z(1, m).
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Stage 1:
Find the good subcarriers on different chunks using
subcarrier suppression method
Stage 2: Rsum
y
Step 1: Random relay selection for each of the m-th UE
pair as the iteration index of n=1: R}" ,Vime{l,2, ..., M}
Step 2: Chunk allocation for the given selected relays:
Cll'}l? Vn€{l,2, ...,nA0}
Step 3: Perform the relay selection for the given selected
chunks: R},
AO
loop

Step 4: Check AO Stop
Criteria

Whether |R};"-Rp, |0
& |Cn-Chl#0

& n<nyg ?

Nolcr, & RE

Stage 3:

Perform Power Control at the relays for the given selected
relays and chunks

=
PR

End

FIGURE 2. Flow chart showing the optimization of the joint problem of chunk
allocation, and relay selection using AO algorithm, followed by a power control
algorithm.

A. STAGE 1) INITIALIZE THE PROCESS BY FINDING
GOOD SUBCARRIERS ON DIFFERENT CHUNKS

This preprocessing stage computes Rgm(m,c,1), the
three-dimensional tensor of good chunks, determined by
their total number of good subcarriers, by applying the joint
subcarrier suppression method [45] through the following
four steps.

1) First, each relay Ry€{1,2,..., R} operates in parallel
to calculate the channel frequency response matrix for each
paired UEs (A, Bp) of Fig. 1, on different A,—R; and
Bm—R; links (for each m=1,2,..., M), as follows, and
the data are saved in two matrices Ha,Rr., and Hp g, at
the central BS node, and all the matrices corresponding
to different relays are saved in two tensors Ha r and
Hp,r. For instance, in the case of 16 UEs (8 paired UEs:
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8x64 subcarriers), we have

Hiy Hio  Hisie
Hy Hzo " Hzs12
Ha,r, = | o ,
| Hv.1 Hm2 " "Hwmisi2
— ! / /
H,, H, 1,512
! / /
Hy, Hy, ... Hy5pp
Hg, g, =| - - : (29)
/ ! /
LM, 1 “"M,2 M,512

for which there is M rows corresponding to the M = 8 UEs,
and N = 512 columns corresponding to N subcarriers of the
OFDMA system. Moreover, we assume that the channels are
reciprocal, i.e., Ho,,R = Hra,, = Ha,,, and Hg, r = Hgrp,, =
Hg,,, as in the TDD mode of OFDMA access technology,
and quasi-static (i.e., the path gains are regarded as a constant
within scheduling periods). }Hm,k|2 and !H’ m’k}z are channel
gains corresponding to the m-th paired UEs (A, By) at the
subcarrier k.

2) Next, employing the variable &y, as defined in (52),
each relay R,, operating in parallel, calculates power levels
corresponding to the subcarriers of links Ap—R; and
Bm—R; and saves it in two matrices Pa R, and Pp R, as

—1/\H1,1|2 1/|Hl,2\2 1/|H1,512|2_
1/\H2,1|2 1/|H2,2\2 1/|H2,512{2
Pa,R, = OmPyi : : : ,
_1/|HM,1|2 1/|HM,2|2 1/|HM.512|2 i
r 2 2 2
ViYL V]
! 2 ! 2 ! 2
1/’H2,1‘ 1/’H2_2‘ 1/’H2_512‘
Pg,R, = dmPs1 : : :
P e Pt P
V| VB[ 1 |
(30)

After computing the per-link power allocation matrices
Pa,.r, and Pg R , each relay forwards its respective matrix
to the BS. At the BS, these are organized into two
three-dimensional tensors, PAeRM*C*R and pgeRM*CxR
The element Pa (m, k, r) corresponds to the power metric of
user Ay, in the m-th UE pair on subcarrier k via relay r,
while Pg(m, k, r) represents the power metric of its paired
user By, on the same subcarrier and relay.

3) Now, we perform subcarrier suppression method using
Algorithm 1 in the BS to find the set of jointly active
subcarriers for each UE pair and relay. The procedure
begins with initialization, where the power metrics of all
subcarriers are computed using (30), and the active and joint
subcarrier tensors are initialized. In the active subcarrier
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Algorithm 1: The Joint Subcarrier Suppression Algorithm

Input:
e Maximum power constraint Ppax.
o Power metrics P eRMXCXR 4pq pg eRMXCxR
as in (30).
e Number of relays R.
e Number of chunks C.
e Number of subcarriers per chunk Nj.

Output:

o TjaseRMXCXR: Tensor of joint active subcarriers.
. RsumeRMXCXR: Tensor of total number of joint active subcarriers
per chunk.

Step 1: Initialization
1. Compute power metrics Pp (m, k, r), and Pg(m, k, r) using (30).
2. Initialize active subcarrier sets
. AAs(m, k, I') = 0, BAs(m, k, 1‘) =0
(Tensor of active subcarriers for UE group A, and Bpy, respectively).
. TJAS (m,k,r) =0
(joint active subcarriers)
e Rgyym(m,c,r) =0
(joint active subcarriers per chunk)

Step 2: Finding Active Subcarriers for Individual Chunks
For each relay r=1, ..., R:
For each UE pairm=1, ..., M:
For each chunk c =1, ..., C:
Sort subcarriers kec by ascending power metrics
Set total allocated power of Ay, and By to zero
For each subcarrier kec:
If (total allocated power of Am on
Pa(m, k, 1)) <Pmax:
Select & into the active set Apg(m, k, 1) =1
Update total allocated power of Ay

subcarrier k +

Else:

Supresst k (Aps(m, k, 1) =0)

End If

If (total allocated power of By on subcarrier k +

Pg(m, k, 1)) <Pmax:
Select k into the active set Baog(m, k,r) =1
Update total allocated power of By
Else:
Supresst k (Bag(m, k, r) =0)
End If
End For
End For
End For
End For

Step 3: Construction of Joint Active Subcarriers for Individual Chunks
For each relay r=1, ..., R:
For each UE pairm=1, ..., M:
For each chunk c=1, ..., C:
For each subcarrier kec:
If (Apas(m,k,r) = 1) AND (Bag(m,k,r) = 1), (i.e., k is
active for both UEs)
Set Tjag(m, k, 1) =1
End If
End For
Update Rgym (m, ¢, r) =count of joint active subcarriers in chunk ¢
End For
End For
End For

selection phase, subcarriers within each chunk are sorted
in ascending order by their power metrics and iteratively
added to the active set until the maximum transmit power
constraint (Ppax) is satisfied. If including a subcarrier would
exceed this power budget, it is suppressed by assigning
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a zero entry in the active subcarrier tensor. The power
corresponding to suppressed subcarriers is not redistributed;
instead, these subcarriers are excluded from the scheduling
process. This approach ensures strict compliance with the
power constraint while retaining only the most efficient
subcarriers. Finally, in the construction phase, the algorithm
identifies the overlap between the active subcarriers of the
two UEs in each pair, thereby forming the joint active
subcarrier tensor, and updates a per-chunk count of the total
number of jointly active subcarriers. Through this structured
process, the algorithm ensures strict compliance with the
transmit power constraint while preserving the most effective
subcarriers for data transmission, thereby achieving power-
constrained and performance-oriented subcarrier selection
under practical fading conditions.

4) Next, to include the QoS constraints C’7 from (28) into
our optimization process, we construct the tensor of good
chunks, Rgﬁs (m, c, r), based on the calculated Rgym (m, ¢, 1).
A “good chunk” is defined as a chunk in which the
total number of active subcarriers exceeds the QoS-limited
minimum rate (active subcarriers) for each chunk in the
tensor Rgym(m, c, 1), corresponding to each relay r:

if Rym(m, ¢, 1) > S

RQOS (m c r) — RSum (ma C, r)
o Otherwise.

sum
0

'31)

By this, we eliminate low-quality chunks to guarantee QoS
for all the UE pairs. Furthermore, we assume that the total
number of active UE pairs (M) is equal to the number of
available chunks (C).

B. STAGE 2) AO ALGORITHM FOR JOINT CHUNK AND
RELAY ASSIGNMENT

This stage handles the discrete optimization of resource allo-
cation by iteratively alternating between chunk assignment
and relay selection—the fundamental steps of joint resource
mapping prior to power control optimization, as depicted in
AO Algorithm 2. This process is subdivided as follows.

1) PERFORM THE RANDOM RELAY SELECTION

Perform random- or distance-based relay selection for each
UE pair, allowing each relay to be selected up to Ngmax
times. Then, proceed to the chunk allocation step as in the
following.

2) SE-BASED CHUNK ALLOCATION FOR THE GIVEN
SELECTED RELAYS

Once relays are assigned to UE pairs in the previous
step (Section V-B.1), we perform chunk-level allocation to
maximize SE on each relay, using power-optimized chunks
based on the subcarrier-suppression mechanism from Stage
1 (Section V-A).

First, using the calculated chunks tensor Rgym(m,c, )
from Stage 1 (Section V-A), we create chunk matrix

9332

Algorithm 2: AO Algorithm

Initialize iteration index n = 1
Initialize SelectedRelays(1), SelectedChunks(1)
repeat

n=n+1

Compute SelectedChunks(n) for the given relays (refer to
subsection V-B.2)

Compute SelectedRelays(n)for the given chunks (refer to
subsection V-B.3)

DeltaRelays =abs(SelectedRelays(n)—

SelectedRelays(n — 1))
DeltaChunks = abs(SelectedChunks(n)—)
SelectedChunks(n — 1)
Save iteration index and SE(n)
If SE(n) > SE(n — 1) then
Update suboptimal solution with SE(n)

End If
until (DeltaRelays = = 0 AND DeltaChunks = = 0)
OR (n reaches maximum, nag )
If converged then

Proceed to Stage 3: Power Control (refer to subsec-
tion V-C)
Else

Repeat step of subsection V-B.2 & step of subsec-
tion V-B.3

End If
Rgum(m,c) for the selected relays determined in
Section V-B.1, as
R, Rz, Rigc
R'21,R22, R'>c
Rsym(m, ¢) = . . (32)
R'Mm,1.R'Mm2. --- R'mc

where rows are UE pairs and columns are chunks (with the
corresponding relays).

Then, we can select the c-th chunk for the m-th UE pair
using the following chunk allocation optimization problem to
guarantee the maximum SE with the following constraints.

M C
ey = Argmax Z Z Rjjx;
i=1 j=1

Subject to

C
Ci: Y xj=1Vie{l, 2, ..., M}

j=1

M
Ca: Y xj=1Vje(l, 2,.... C}

i=1
in which {Rjj}€Rgum(m, c) as given in (32). X = {xij}
is the chunk allocation variable matrix which has binary
elements as xj;€{0, 1}, where xj; = 1 means that UE pair i

is paired with the chunk j, and xj; = 0 means otherwise.

(33)
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a) ACCURATE SOLUTION: To solve the chunk allocation
optimization problem (33) which is a mixed-integer linear
programming (MILP) optimization problem with respect to
xjj variable, we can use a standard convex optimization solver
(software) such as MATLAB, CVX [47], CPLEX [48], etc.
In this work, we use MATLAB intlinprog command [49].
Traditionally, the branch-and-bound (BB) method is used to
solve MILP problems, but its complexity grows exponen-
tially with the number of variables, making it unsuitable
for large problems, [50], [S1]. To tackle this issue, in the
following, we propose a heuristic algorithm.

b) A HEURISTIC SOLUTION: In this algorithm, instead of
using MATLAB intlinprog command for our MILP problem,
we propose a greedy-like heuristic algorithm with three steps
as follows.

Step 1) Based on (32), we create a good chunk matrix
for the given relays as Rgm(m, c), we save a copy of the
Rgum(m, ¢) as a Rgyma(m, ¢) for the middle computations in
step 3 in the following.

Step 2) Then, we perform summation on elements of each
row as

C
R"1 =) RijViefl, 2, ..., M} (34)

i=1

Using these results, we construct the column vector R”
by stacking all elements of R"; ;:

R//l,l
R//2’1

(35)

1
R"M,1

Step 3) Next, we sort the rows (UEs) of R” based on
their good chunks from min to max: starting with m’ = 1-st
UE pair which has the minimum number of good chunks
and assign the best chunk from the Rgymp(m,c) matrix
corresponding this UE row to this pair. Then, we continue
the chunk assignment operation for the remaining UE pairs.
Since each chunk can be selected once only, after assignment
of each chunk, the selected chunk from the Rgymp(m, c)
matrix must be deleted by putting —1 value in all the
elements of the column corresponding to the selected chunk.
Through repeating step 3, the chunks (with the corresponding
assigned relay) will be allocated to the UEs.

Assume that we have selected the best chunk for each
m-th UE pair of (An, Bn) as in the above subsection and
denote it as Cp,. Next, we will consider the problem of relay
selection.

3) SE-BASED RELAY SELECTION FOR THE GIVEN
SELECTED CHUNKS

With the aim of maximizing SE on the given chunks, we
propose a chunk-level multiple-relay selection as follows
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while the available chunks were power optimal using the
subcarrier-suppression mechanism as in Stage 1.

First, using the calculated “good chunks” tensor
Rgum(m, ¢, r) from Stage 1 (Section V-A), we construct the
“good chunks” matrix Rgym(m, 1) for the selected chunks
corresponding to different m-th UE pairs, as determined in
Section V-B.2. The matrix Rgym(m, r) is represented as:

R"11,R"12,  R"R
R"21,R"22, R”>r

Rsum(m, r) = . . . s (36)
R'M,1,R"M2, -+ R’'MR

where rows are UE pairs and columns are relays (with
corresponding assigned chunks). Meanwhile, the users index
corresponding different chunks (Ci, Ca, ..., Cc) must be
saved in another dimension of the new tensor, to be used in
the final step.

Then, we can select the r-th relay for the m-th UE pair by
solving the following relay selection optimization problem,
which ensures the maximum SE while satisfying the given
constraints:

M R
rh = Arg max Z Z Rijxij;
i=1 j=1
Subject to

M
Ci: Y xij<Nrmax Vje(l, 2, ... R}

i=1

R
Cy: Y xj=LViefl, 2, ..., M}
j=1

(37)

where {Rjj}€Rgum(m, 1) as given in (36), and X = {x;} is
the relay assignment matrix with binary elements, where
x;j€{0, 1}. Constraint C; ensures that each relay can be
selected no more than Ngrpax times, while constraint Cp
guarantees that each chunk can be assigned to only one UE
pair.

a) ACCURATE SOLUTION: To solve the relay selection
optimization problem (37) which is a MILP optimization
problem with respect to xj; variable, like in chunk allocation
process, we use MATLAB optimization toolbox and intlin-
prog command [49]. As said before; to tackle the exponential
complexity of MILP solvers such as the branch-and-bound
algorithm, we propose a sub-optimal heuristic algorithm as
follows.

b) A HEURISTIC SOLUTION: In this algorithm, we
propose a greedy like heuristic algorithm with three steps as
follows.

Step 1) Based on (36), we determine good chunk matrix
Rgum(m, r) for the selected chunks corresponding different
m-th UEs, we save a copy of the Rgym (m, r) as a Rgyma (m, 1)
for the middle computations in step 3.

Step 2) Then, since each chunk can be selected once only,
while each relay can be selected up until Nrpax times, we

9333



DOOST et al.: JOINT POWER-AWARE SE CHUNK ALLOCATION, RELAY SELECTION, AND EE POWER CONTROL

perform summation on elements of each column of R”j;.
This operation creates a new matrix R”j |, computed as:

R
R"1 = ZRNi,J‘,ViG{l, 2, ..., M}
j=1

(38)

Using this result, we construct the column vector R” by
stacking all elements of R" ;:

R/Hl’l
"
R 1

R” = (39)

R/NM,]

Step 3) Next, we sort the R” (chunks) vector elements
based on their good chunks (subcarriers) from min to max:
starting with m’ = 1-st chunk which has the minimum num-
ber of good chunks and assigns the best relay corresponding
to this chunk column from the Rgymo(m, r) matrix to this
pair. Then, we continue the relay selection operation for
the remaining chunks (with the corresponding UE pairs).
Furthermore, since each relay can be selected Nrmax times,
so for higher than this for each selected relay, we delete it
from the Rgum2(m,r) by putting —1 instead of Ry values
row of the overreach selected relay.

Through repeating Step 3, the relays (with the correspond-
ing preassigned chunk) will be assigned to the UEs.

4) CHECK AO STOP CRITERIA

Then, we check the AO stop criteria as in Algorithm 2,
to check whether the relay selection and chunk allocation
results are converged, remain constant or reach a maximum
iteration.

Meanwhile we save the iteration index and the correspond-
ing SE value. For the next iteration, if the resulted SE is
higher than the previous one, we keep this iteration and the
corresponding SE as the suboptimal solution.

If it is converged, we go to Stage 3 (Section V-C)
i.e., power control algorithm; otherwise, we repeat Stage 2
(Section V-B) iteratively using AO algorithm (Algorithm 2)
to arrive with the convergence criteria. Then, we construct
the selected transmit power matrices for the UE pairs (i.e.,
Pa,., P, as in (30)) and then go to Stage 3 (Section V-C)
as in the next subsection.

C. STAGE 3) EE-BASED POWER ALLOCATION

After performing relay selection and chunk allocation at
the chunk level, as described in the previous subsections,
the links are defined. The integer variables in (26) are
omitted, leaving power control as the remaining optimization
problem. This task is performed at the subcarrier level
to leverage the multicarrier diversity potential of OFDM
signaling. The resulting problem is formulated as a fractional
programming (FP) problem. To address this FP optimization
problem, we propose two methods: (1) the DKB algorithm
and (2) a suboptimal approach, as outlined below.
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1) OPTIMAL SOLUTION USING DINKELBACH
ALGORITHM

Since in our subcarrier suppression method, we con-
sidered the constraint of C4 in (26); hence, our only
optimization variable in (26) is Pr [k]. Representing Pr =
[Pr:[1], Pr:[2], ..., Prylk], ..., Pr([N]] as the vector
of the selected relays’ power on N subcarriers, the objective
in (26) thus takes the form Dgll?l%)’ where the numerator,
Num, is a constant with respect to the relay power variable
PR, and the denominator, Den(ﬂ), is a function solely of the
Pr. According to [27], [52], a constant numerator is affine,
and since the denominator is convex with respect to the
optimization variable (due to its linear summation form of
Pr ([Kk] variable [52]), the overall objective function is semi-
concave. Furthermore, the associated constraints are convex,
ensuring that the optimization problem P, in (26) can be
effectively solved using fractional programming techniques
such as the Dinkelbach algorithm [53] or the Charnes—
Cooper transformation [54].

In this work, the Dinkelbach algorithm [53] is employed
for GEE maximization. The flowchart for Algorithm 3
illustrates the interaction between the DKB algorithm
and its embedded sub-algorithms, notably the iterative
exchange between the g-function estimator and the nonlinear
optimization solver until convergence is achieved.

The DKB algorithm operates via the alternating
optimization (AO) technique [55] as shown below:

o The inner problem updates the variable F(qn) =
Num(Pr(n)) — gnDen(Pr(n)) in each iteration
ne {1,2,...,np0}) by solving for a fixed, iteratively
updated parameter (.

o The outer problem subsequently updates qp+1 =
Num(ﬁ(n)) . . .
—————= using the solution from the inner step qp.
Den(Pg (n))

Here, ﬁ(n) =Pg(n) is the optimally calculated relay
powers vector at iteration n, and Num(%(n)) = Num, is a

constant with respect to the relay power variable vector Pg.
This parametric reformulation converts the initial fractional
programming (FP) problem into a sequence of convex
optimization problems indexed by q, [56], enabling reliable
and efficient computation of the unique global optima using
solvers such as MATLAB’s optimization toolbox, CVX [47],
or the Lagrange dual method as in [11], [55].

For constrained linear multivariable optimization in
MATLAB, fmincon function [49] is used as the primary
solver, specifically designed for nonlinear problems with
constraints. The DKB algorithm achieves super-linear con-
vergence by halting iterations once the change Aq, =
|qn — qn—1! is less than the chosen tolerance ¢, as defined
in [31]. It should be noted that Py is the optimal power
allocation after DKB algorithm convergence.

2) SUBOPTIMAL SOLUTION

Since after performing the relay selection and chunk allo-
cation, our only optimization variable in (26) is Pgr [k],
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Algorithm 3: Dinkelbach Algorithm for GEE as in P;
Input: Maximum tolerance ¢ = 0.001, maximum iterations
npgg = 20

Output: Optimal power allocation ﬁ for GEE maximization
Initialize iteration index n =0

Initialize q, =0, Aqp, =1

While AQn> ¢ & n <npgg:

Solve  the convex  optimization
F(qn) = Num(PR(n)) — guDen(Pr(n))using ~ a
convex optimization tool

Compute F(qn) = Num(ﬁ(n)) — anen(ﬁ(n))

subproblem
standard

Num PT(n)
Update qn41 = ﬁ
n=n+1 R
Aqp = |qn - qnfll
End while

ﬁ = @(n), the optimal power allocated to the relays that
were selected for different UE pairs

moreover, the numerator in (26) has a constant value,
while the denominator only variable is Pgr ([k]. Therefore, to
maximize the GEE we need to minimize the denominator.
Furthermore, since Pr ([k] has positive values, the denomi-
nator is an increasing function. Hence, the minimum point
of the denominator can be obtained by finding the minimum
values for Pg [k] and substituting these values into the GEE
equation of (26). Using (21), we can find optimal P ,[k]
as:

Sm

min{ |Hgg, [K]|?. |Hga,, [k][?}
(40)

Pr*[k] = Prsmin[k] =

Vke{l,2, ... ,Nysed}-

Hence, no need to use a solver to solve this optimization
problem, if we set Pr.*[k] = Prminlk] using (40), on
different subcarriers, GEE in (26) will be equal to its
maximum value. Furthermore, to guarantee the constraint
C’3 in (26), we sort the Pg *[k] values on each chunk in the
increasing order, and only select the subcarriers that total
power on that chunk reaches to the P'riMax = PReMax/Mr
value. This needs further subcarrier suppression in the power
control process also. However, using the DKB algorithm
does not need further subcarrier suppression. Hence, if the
relay node has enough processing capacity, DKB method is
preferable.

Thus, there is no need to use a solver to solve this
optimization problem if we set Pr.*[k] = Pr mminlkl]
using (40) for different subcarriers. In this case, the GEE in
(26) will reach its maximum value. Furthermore, to satisfy
the constraint C'3 in (26), we sort the Pgr ;*[k] values within
each chunk in ascending order and select only the subcarriers
until the total power in that chunk reaches P'rivax =
PrrMax /M. This requires additional subcarrier suppression
during the power control process. However, when using
the DKB algorithm, no further subcarrier suppression is
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needed. Therefore, if the relay node has sufficient processing
capacity, the DKB method is the preferable choice.

It should be noted that Stages 1-3 must be updated within
the channel coherence time, ensuring that good subcarrier
identification, AO-based allocation, and DKB-based power
optimization are executed adaptively to maintain reliable
performance under time-varying channel conditions.

VI. SYSTEM DESIGN AND NUMERICAL EXPERIMENTS
A. SYSTEM DESIGN PARAMETERS

To evaluate the resource allocation algorithms within our
multiuser multi-relay OFDMA-PNC framework, illustrated
in Fig. 1, we consider a single-cell system comprising 2M =
16 user equipment (UEs), organized into M = 8 UE pairs,
and R = 8§ relays, all deployed within a 1 km x 1 km square
area. The UEs are randomly distributed across the area, while
the relays (RNs) are fixed and positioned at coordinates given
by 50061(”/4)r, forr=1,2,..., R, relative to a reference
coordinate system centered at the BS, which is located at
the center of the square.

Each UE is associated with a selected relay node, and each
relay can be selected by at most Nrmax = 1 UE pair. The
system adopts the Wi-Fi 6 IEEE 802.11ax standard frame
format, employing OFDMA with N = 512 subcarriers [57].
These subcarriers are grouped into chunks of N contiguous
subcarriers (e.g., N; = 64), with each chunk allocated to
a UE pair using a chunk allocation algorithm, as described
in the previous subsections. Accordingly, the system can
support M = N/N; = 8 UE pairs.

The UEs and relays are equipped with Nt = 1 antenna
each. All propagation channels are generated as a baseband
realization of the Rayleigh faded tapped-delay-line (TDL-
C) model, a realistic 5G channel model in the Urban
Micro (UMi) Street-canyon scenario presented in [58].
Furthermore, assuming that receiver-side amplification fully
compensates for large-scale fading, we ignore path loss
effects in our simulations.

All paired UEs are configured with the same maxi-
mum feasible power consumption per chunk, denoted as
Pmax€[0.1 — 10] W. Each UE also has a hardware-dissipated
power of Pcvax = 0.1 W (as in [27]), and the UEs power
amplifier efficiency of np, = 0.3. Relay nodes are designed
with a maximum feasible power consumption per chunk
of PR Max > Pmax, which exceeds that of UEs, and has
a hardware-dissipated power of P.;max = 0.1 W. The
power amplifier efficiency for the relays is n, = 0.35. The
maximum number of iterations for the DKB algorithm, npgp
is set to 20, while the AO algorithm, nap is configured
with 200 iterations. All simulations were conducted over
1000 independent channel realizations to ensure statistical
reliability.

We consider OFDMA design parameters as summarized
in Table 1.

To set the &y, parameter for link design, we utilize [7],
where 6, = 1 was assumed. By fixing the transmit power
and adjusting the noise power (oy12) to achieve the desired
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TABLE 1. Design parameters.

Parameters Value
Bandwidth (W,) 20 MHz for OFDMA
Distance between Subcarriers 78.125 KHz
(Af)
Tffl =4XTCP =Tsymbol'TCP 512 (B/Af) 66.67 Hs
Cyclic prefix (Tep=1/(4xAf)) 128 samples 3.2ps
Symbol Length: 12.8 ps
512+128=640
Tsymbo= Tt Tep=5%Tcp

Number of subchannels 8
(chunks) (UE pairs)
Number of data 48
subcarriers/Subchannel
Number of pilot 4
subcarriers/Subchannel
Total Number of 64

subcarriers/Subchannel

Modulation 16-QAM

SNR, dwmin can be calculated as follows. Receiver noise
is modeled as AWGN with per-subcarrier power oy > =
B,.No.NF, wherein B, is the subcarrier bandwidth, Ng is
the noise power spectral density, and NF is the noise figure.
Using 8y = 1 in [7] and assuming dmin1 = 1, we calculate
02 and determine Ny = atlz/Bnl.NFl.

For comparison between the OFDM-PNC in [7] and the
OFDMA-PNC in this work, we derive dmin1/SMin2 using (51)
(in Appendix):

SMin1 _ 8P'2(No1t W1NF; SNR)vin
P’s1 (No2 WaNF2SNR) w2

SMin2 @D
Assuming uniform 16-QAM modulation across all sub-
carriers and setting Pg; = 1 in equation (5), equation (41)
can be simplified accordingly. For 16-QAM, based on
equation (10), the average symbol power is P’y = 3.5, with
a minimum symbol distance d =+/0.1. According to [7],
for 16-QAM with 64 subcarriers (OFDM, W; = 10MHz),
achieving a bit error rate (BER) of 10 requires a minimum
SNR of SNRg min = 15dB. Using 16-QAM for OFDMA
(SNRMmint = SNRmin2 = 101'5) and assuming identical
receiver noise (Ng; = Ng», and NF; = NF,), (41) reduces
to:
Smint _ 8W1
dminz W2

Thus, from (42), with W; = 10MHz and W, = 20MHz
(Table 1), we find Smin2 = 0.25. This value of Smin = SMin2
is used throughout our simulations.

(42)

B. IMPACT OF THE RELAYS AND THE UE’S TRANSMIT
POWER ON THE SE AND EE

Fig. 3, and Fig. 4 show the SE, and EE of the multiuser
OFDMA-PNC system respectively versus the maximum
transmit power of each UEs (Ppax) in the TDL-C channel
for different regimes of 8, value, as in (52).
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FIGURE 4. (Average) EE results versus P, with different regimes of §,,.

To identify the optimal operating point for selecting &p
values, we employ the following experimental approach,
using (52). First, we define two boundary regions, repre-
senting the lower and upper bounds, and a central region,
representing the middle values for the &, parameter. These
regions are sorted from the minimum to the maximum value,
as shown in the following case illustrations.

Case 1: Near the lower point for 8, using uplink
SNR (8min): To satisfy Smin< 8m,, we choose 8y = SMin
(from (51));

Case 2: Middle point for &, using (43) and (52);

Case 3: Near the upper point for §p, : To satisfy
3m=<8'"m Max> We choose 8m = & mMax;

Case 4: Higher than the upper point for 8  (8m>8"m Max):

dm = 1.58 mMax-

In Figs. 3 and 4, we observe the variation of the resulting
SE and EE, respectively, using different values of §;, as in
cases 1-4, while changing the Py, parameter. The dotted,
circle, cross, and square lines represent the aforementioned
values. Here, to respect (21), we assume Pr Max = Pmax,
to employ all the activated subcarriers/chunks through AO-
based joint chunk and relay selection algorithms. As can be
seen from these two figures, there is a trade-off between EE
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FIGURE 5. (Average) EE results versus Pp.y: using suboptimal method vs. DKB
algorithm power control solvers with §, as in case 2.

and SE. Both EE and SE show identical increasing behavior
for the limited power budget of Ppax< 30 dBm, and for
Pmax = 30 dBm, EE has its maximum value. However,
increasing the level of Py, further and for the rich transmit
power of Ppax> 30 dBm, the EE level drops significantly,
whereas SE has a rising trend (increases) until it reaches
its saturation value at Pyox = 40 dBm. For Pyax> 40 dBm,
both SE and EE level off at a peak value and local peak
respectively. The minimum requirement of the SE (the S|
parameter in (28)) is assumed to be 40 active subcarriers per
chunk.

The reason behind the observed EE trend is rooted in
our three-stage optimization approach detailed in Section V.
For a given Pp,x, we first optimize SE and then maximize
EE using the DKB algorithm with the optimized SE
as a fixed input. Consequently, in this SE-oriented EE
optimization approach —also discussed in [59] and [24]—
, once Ppax becomes sufficiently large to reach the global
EE maximum (e.g., Pmax> 30 dBm), any additional trans-
mit power is no longer utilized for the sake of the
maximum EE.

Experimental results in Fig. 3, and Fig. 4 suggest that
through the appropriate selection of Pp,x, we can achieve
an optimal operation point in terms of the network SE, and
the network EE. The operational point of Pp,x = 33.6 dBm,
located between the peak point of the EE curve (Fig. 4) and
the knee point of the SE curve (Fig. 3), can be a preferable
design point. For this, EE is around its maximum value (0.9
Mb/)), and SE is around 48 Mb/s, which is around 66%
(two-thirds) of its peak value.

Overall, across all Py, regimes, Figs. 3 and 4 reveal that
increasing the 8, value results in a decreasing trend for both
SE and EE.

Overall, a general trade-off is often observed between
SE and EE; however, our proposed three-stage optimization
framework is designed to mitigate this trade-off effectively.
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As explained in Section V, the maximization of EE in
Equation (26) is carried out in two core optimization phases.
First, SE (the numerator of Equation (26)) is optimized
through joint chunk allocation and relay selection using AO
algorithm. Notably, SE in this context is independent of
the relay power variable Pr[k], whereas the total power
consumption Pt (the denominator) depends on Pg .[k]. In
the second phase, we apply the DKB algorithm to determine
the optimal value of Pg ;[k] that maximizes EE with a given
Pmax, using the previously optimized SE as a fixed input. EE
is then computed as the ratio of the fixed SE to the optimized
Pr. This sequential process ensures that throughput remains
high while minimizing power consumption, as detailed
in Section V and supported by the results shown in
Figures 5-7.

The observed trends in SE (Fig. 6) and EE (Figs. 5
and 7) are consistent with those reported in [59], despite
several differences in evaluation methodology and system
configuration, namely, our use of GEE versus WSEE in [59],
and chunk-level versus subcarrier-level resource processing.
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Our method aligns with the spectral-efficiency-maximization
(SEM)-based EE optimization approach described in [59]
and [24]. In both cases, EE reaches a peak at a certain relay
power level Ppax, beyond which further increases in power
no longer improve EE. This explains why, in our results,
increasing transmit power beyond P« (€.g2., >30 dBm) does
not lead to higher EE, as the additional power is not used for
the sake of the maximum EE. Indeed, as seen in our results,
as the total power Pp,x is increased, our SEM-oriented
algorithm continues to consume all the available transmit
power to achieve a higher system capacity and the algorithm
does not continue to allocate the redundant power for the
sake of the maximum energy efficiency. This algorithm
enables improved EE without sacrificing throughput, already
optimized in Stage 2 of Section V.

C. COMPARING THE SUBOPTIMAL AND DKB POWER
CONTROL METHODS

In another experiment, we evaluated the performance of
using two power control (PC) methods: 1) the suboptimal
method and 2) the DKB algorithm. Since SE is not a function
of Pr.[kl, only EE is affected by Pr.[k] calculations.
We benchmark the suboptimal scheme against DKB-based
algorithm, as shown in Fig. 5. It is seen that the DKB
algorithm yielded higher EE because it integrates constraint
C’3 in (26) during solving the optimization problem, while
the suboptimal method, first solves the unconstraint problem
and then enforces the results to guarantee the constraint
C’3 in (26), by performing another stage of subcarrier
suppression, further scarifying the SE. To be precise, the
suboptimal method’s EE is close to the DKB algorithm,
except for Ppax< 30 dBm. This is because for higher value
of Ppax> 30 dBm, the constraint C'3 in (26) is respected,
achieving the same results for both PC algorithms, while
for the cases of Ppax< 30 dBm, there are violations in the
constraint C'3 in (26). Meanwhile, in our operating point of
Pmax = 33.6 dBm, the suboptimal method’s EE is very close
to the DKB algorithm. Hence, because of simplicity and less
complexity, except for the case of Fig. 5, the suboptimal
method for power control is used in all of our evaluations.

D. COMPARING ACCURATE AND HEURISTIC CHUNK
ALLOCATION AND RELAY SELECTION METHODS
In another experiment, we compared three chunk-level allo-
cation methods—accurate, heuristic, and random—within the
AO loop using subcarrier-level power control to assess their
impact on SE and EE. As shown in Figs. 6 and 7, the
accurate method (via MATLAB’s MILP solver) consistently
outperforms both heuristic and random-based approaches.
To further examine the accurate and heuristic chunk
allocation and relay selection methods, Table 2 compares
results from the accurate optimization solver with our
proposed heuristic approaches using the AO method. The
allocated chunks C;, and selected relays Ry, for paired
UEs (Ap,Bm),m=1,2,...., M, differ between the two
approaches. The reason for this issue is that the proposed
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TABLE 2. Simulation results for the joint chunk allocation and relay selection for the
case of P,,,= 33.6 dBm.

Chunk allocation & | Allocated chunks, C,, | Selected relays, R,
relay selection | for different paired | for different paired
method UEs, m=1,2,...., M UEs, m=1,2,...., M
r 6 7 3 2|8 4 3 6 2
AO-accurate 4 5 8 5 1 7
algorithm
AO-heuristic 7 6 8 1 4|01 8 6 5 17
algorithm 3 2 5] 3 2 4]

heuristic algorithms of chunk allocation and relay selection
are in the class of greedy algorithms, which try to find
local optimal solutions in the hope of finding global optimal
solutions. However, for many optimization problems, greedy
algorithms fail to find the globally optimal solution [60].
As a result, for some Pp,x values, the heuristic algorithms
do not guarantee convergence to an optimal solution within
nao iterations of the AO algorithm. This leads to suboptimal
chunk allocation and relay selection, ultimately failing to
guarantee the stability and optimality of the energy efficiency
(EE) solution.

E. COMPUTATIONAL COMPLEXITY OF THE PROPOSED
FRAMEWORK

In the OFDMA-PNC system of this work the total available
bandwidth is divided into N orthogonal subcarriers (e.g.,
N = 512), which are grouped into C =N/N; chunks, where
each chunk consists of Nj consecutive subcarriers (e.g.,
N; = 64, C=N/N; = 8). In the considered setup, each
of the M user equipment (UE) pairs (e.g., M =C =38) is
allocated a dedicated chunk and served via one of the R
available relay nodes. Thus, the number of active UE pairs
is equal to the number of available chunks, with each chunk
supporting a bidirectional transmission session under the DF-
PNC protocol.

In the exact formulation, both the chunk allocation
and relay selection subproblems are modeled as mixed-
integer linear programming (MILP) problems and solved
using CVX, which typically relies on the branch-and-bound
method. Let C denote the number of chunks and R the
number of available relays. Then, the worst-case complexity
per AO iteration is O(2C + 2R) [61], [62], reflecting the
exponential growth of the binary decision space for MILPs.
Following the AO stage, the DKB algorithm is applied to
solve a nonlinear fractional programming (NLP) problem,
where the objective is the ratio of total system throughput
to overall power consumption. At each iteration of the DKB
algorithm, a subtractive-form convex NLP is solved using
CVX. Let npgp denote the number of DKB iterations and
let ¢ and m represent the number of continuous power
allocation variables (c = N) and constraints (m = 4), respec-
tively. The complexity of this stage is O(npkpQ(c, m)),
where Q(c, m) =(c +m)> denotes the per-stage polynomial
complexity of solving a convex NLP using interior-point
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methods, as implemented in MATLAB’s fmincon solver,
and supported by the theoretical analysis of interior-point
algorithms presented in [63], [64].

To ensure scalability, we also design low-complexity
heuristic algorithms for both stages. In the AO stage, a
binary decision tensor Xe{0, 1}*®R*M representing chunk—
relay—user assignments are reordered based on link quality
metrics (e.g., the number of good subcarriers on each
chunk), enabling a greedy yet feasible allocation process.
The resulting heuristic has a computational complexity of
O(CMlog,M + RMlog,M), primarily due to sorting and
assignment steps. In the power control stage, a heuristic
reordering of subcarriers based on per-subcarrier energy
efficiency is used, followed by a simplified greedy power
allocation algorithm. This results in a complexity of
O(MNjilogyNi + NM).

In summary, the total computational complexity of the
proposed framework depends on the solution strategy. When
exact CVX-based solvers are used, the overall worst-case
complexity is O(nAo(ZC + 2R) +npgs (N + 4)3), where nao
is the number of AO iterations. In contrast, the heuristic-
based implementation significantly reduces the complexity
to O(nao(CMlog,M + RMlog,M) + MNlog,Ny).

This hybrid design provides a flexible trade-off between
solution accuracy and computational efficiency, making the
framework well-suited for benchmark-grade evaluation and
large-scale deployment in OFDMA-based DF-PNC relay
networks.

Despite the high computational cost, the exact method
offers notable performance benefits in our OFDMA-PNC
scenario, where user equipment operates at a maximum
transmit power of 33.6 dBm. Specifically, it achieves an
85% improvement in spectral efficiency and a 47% gain in
energy efficiency over the heuristic approach. However, this
significant performance gain comes at the expense of much
higher complexity, making the exact method less suitable for
real-time or large-scale deployments.

VIl. CONCLUSION

This paper has presented a novel and comprehensive
optimization framework for radio resource allocation in
multi-user, multi-relay OFDMA-PNC systems, targeting both
spectral efficiency and energy efficiency objectives. A joint
approach, integrating chunk-level SE-based chunk allocation,
relay selection, and subcarrier-level EE power control, was
proposed to address the underlying computationally inten-
sive, NP-hard MINLP problem inherent to these systems.
By decoupling the optimization variables and leverag-
ing both accurate (MILP-based) and heuristic algorithms
through an AO strategy, the proposed solution achieves a
practical balance between performance and computational
complexity.

Extensive numerical experiments validated the effective-
ness of the proposed joint allocation framework. At a typical
operating point of Ppax = 33.6 dBm, the exact AO-based
method achieves substantial performance gains over heuristic

VOLUME 6, 2025

approaches, including up to 85% higher spectral efficiency
and 47% higher energy efficiency. The results also highlight
and quantify the SE-EE trade-off, showing that the proposed
two-stage optimization process can effectively mitigate this
trade-off and achieve close-to-optimal efficiency in both
metrics. Comparative analysis of chunk allocation and relay
selection techniques further confirmed that the accurate
MILP-based solution consistently outperforms heuristic and
random assignment, albeit at increased computational cost.
Detailed complexity analyses were presented for both accu-
rate and heuristic variants, providing guidance on their
selection for different deployment scenarios.

In summary, this work provides a scalable, efficient, and
flexible resource allocation strategy for modern OFDMA-
PNC systems, supporting the design and deployment
of energy- and spectrum-efficient relay-assisted wireless
networks in 5G and beyond. The framework is broadly
applicable to systems where stringent energy consumption
and throughput constraints coexist.

APPENDIX

CALCULATING sM PARAMETER

Assuming a chunk-level constant value for ép,, as a chunk-
level power scaling parameter, this parameter is a function of
P max = Pmax/Mm and the channel gains on the subcarriers
of each chunk. We propose a definition for §; based on
the channel gain parameter, as inspired by the approaches
outlined in [45], as follows.

By allocating more power to the weaker subcarriers, and
without loss of generality, assuming |HAmR[k]|§|HBmR[k] s
we set P'a_[k] = P"max > Pp,, [k], where P"n,x represents
the maximum average power per subcarrier available at the
transmitter side. Further, assuming equal maximum power
across different subcarriers (i.e., P max = P;‘flax), we define
the chunk-level power scaling parameter, &y, as follows:

L SmlK]

Sm =
m Nl

, (43)

where

_ NmPrax 5. 2 2
dmlK] = NiMm“HAmR[k” . Hp,r[K][7}, Vkefl, 2,.. ., N1},
1Ps1
(44)

is the subcarrier-level power scaling factor.

UPPER BOUND AND LOWER BOUND OF &y
Using the subcarrier suppression method, only Njeq, and
Nousea out of Ny subcarriers of each chunk are utilized for
each m-th UE pair (Ap, By). Thus, the total power for the
m-th UE pair can be expressed as follows:

For user Ap:

N;
D PA Kl =
k=1

Nj used

2

k=1

3mPsl

_— 45
N [Ha,rIKI[> ™ @)

/
P max-
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From this inequality, we derive,

P/
Sm< Sfld"m* (46)
Pt Z [HamR k]|
For user By,
N; Noused
(SmPsl
P'g, k] = ————— <P'max. 47)
k; k; Nm|Hg,,r k]|
Similarly, this leads to
P/
Sm_ P Zl\?zrilsed = (48)
St k=1 Jhy,, R[k]|
The inequalities (46), and (48) can be simplified as
5 s _ P s 1 1
m=0m,Maxl = Py mn N1 ysed 1 Noysed 1
k=1 |Hapr[KI[? k=1 |Hp,r[k]P
(49)
Here, we use consumed power instead of transmit

power of the UEs in our formulization; hence, the m-th

UE pair transmit power levels Pa_[k] Lﬂz and
m |HaprIK]| .

Pg,, (k] :Lﬂ2 is transformed into P'p [k] = Pamlk]
|Hpur K| Nm

and P’ [k] = L , where 1, is the m-th UE pair power

amplifier (PA) efﬁ01ency

On the other hand, to ensure successful decoding of
the received signals at the relay and to perform accurate
PNC mapping, the relay side SNR must meet the following
requirement. Using equation (9), the SNR at the relay R, is
given by:

MP'S,,

SNRp; = —

> SNRMip. (50)

Ot
To satisfy this condition, the power allocation factor
must be:

CSm > SMin = (51)

MP/
where SNRyip is the predetermined minimum SNR required
at the relay for the correct decoding of the messages.

Combining (7), (49), and (51), we have the following
bounds for &,

Min

Min < 8m < 6/mMax = Min{lafsm,Maxl}- (52)
To achieve energy-efficient power control, an optimal
middle value of 8, (as in (52)) should be selected using an

optimization method. This issue is explored in Section VI-B.
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