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a b s t r a c t
This paper investigates the resource allocation problem in non-orthogonal multiple-access (NOMA)
cellular networks underlaid with OMA-based device-to-device (D2D) communication. This network architecture enjoys the intrinsic features of NOMA and D2D communications; namely, spectral efficiency,
massive connectivity, and low-latency. Despite these indispensable features, the combination of NOMA
and D2D communications exacerbates the resource allocation problem in cellular networks due to the
tight coupling among their constraints and conflict over access to shared resources. The aim of our
work is to maximize the downlink network sum-rate, while meeting the minimum rate requirements
of the cellular tier and underlay D2D communication, and incorporating interference management
as well as other practical constraints. To this end, many-to-many matching and difference-of-convex
programming are employed to develop a holistic sub-channels and power allocation algorithmic
solution. In addition to analyzing the properties of the proposed solution, its performance is benchmarked against an existing solution and the traditional OMA-based algorithm. The proposed solution
demonstrates superiority in terms of network sum-rate, users’ connectivity, minimum rate satisfaction,
fairness, and interference management, while maintaining acceptable computational complexity.
© 2022 Elsevier B.V. All rights reserved.

1. Introduction
5G is emerging with promises to offer an unprecedented level
of technological advancement, featuring ultra-reliability and lowlatency, massive connectivity, mobility, and high capacity, while
catering for enhanced mobile broadband, machine-type communication (mMTC), mission-critical services, and the Internet-ofThings (IoT) [1,2]. The applications enabled by these features are
considered viable catalysts for socio-economic growth, which is
expected to meet eleven out of the United Nations’ seventeen sustainable development goals, and achieve an approximated global
economic value of $13.2 trillion in 2035 [2,3]. This economic value
corresponds to a $3.2 trillion worth of global economic output in
various sectors and 22.3 million jobs worldwide [2,3].
Enormous efforts in academia and industry have been
dedicated to the development of 5G-enabling communication
technologies aiming at the exploitation the aforementioned vast
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socio-economic growth. Non-orthogonal multiple-access (NOMA)
and device-to-device (D2D) communications are among these
technologies, which are critical for improving spectral-efficiency
(SE), enhancing energy-efficiency (EE), and facilitating ultra-dense
connectivity. Unlike the conventional OMA-based technologies,
NOMA unlocks the exclusive sub-channel (SC) assignment constraint, and allows multiple users to share the same SC [4,5]. The
simultaneous allocation of SCs to multiple users achieves significant improvement in spectral efficiency and massive connectivity.
Notably, NOMA transmitters exploit channel gain differences of
user equipment (UE), and use superposition coding to multiplex
users’ signals in the power-domain over the same SC. Each receiver applies successive interference cancellation (SIC) to extract
its signal while treating the other users’ signals – with higher
decoding order – as interference [6]. A comprehensive survey
on the variants of NOMA for 5G and beyond is presented in [7].
On the other hand, D2D communications have been proposed
by the third generation partnership project (3GPP) in Long Term
Evolution-Advanced (LTE-A) in order to exploit the benefits of
spectrum reuse and take advantage of users proximity [8,9]. By
enabling underlay D2D communications, proximate users can
communicate over a direct link by reusing the licensed spectrum
of the cellular network [10]. This brings on several network improvements in terms of end-to-end latency, spectrum utilization,
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coverage enhancement, and massive connectivity [11]. Hence,
D2D communication poses itself as a key enabling technology for
content sharing and dissemination among proximate devices [12].
The integration of NOMA and D2D in cellular networks has
the potential to reap the benefits of both technologies as well as
efficiently serve the ever-increasing demands of cellular devices,
systems and services. Particularly, allowing underlay D2D communication over the same licensed spectrum with the cellular
users (CUs) offloads traffic from the core network, and further
enhances spectral efficiency. In addition, due to the nature of
D2D communication that bypasses the base-station (BS), it offers
network operators a significant reduction in energy cost per bit,
in addition to coverage extension. Moreover, direct transmissions
enable low-latency and low power transmissions of proximity
services. However, this integration exacerbates the resource allocation problem in cellular networks due to the interferencecoupled performance of NOMA and underlay D2D communications, which entails novel transmission schemes and algorithmic
designs.
Several recent works have addressed the joint resource allocation problem for NOMA networks with underlay D2D communication. For instance, in [13], the authors studied the SC and
power allocation problem for groups of D2D receivers underlying an uplink setting of a cellular network. In each group of
D2D receivers, a single transmitter transmits signals to multiple
receivers via the NOMA protocol. A similar network model to
that of [13] is considered in [14]; however, with emphasis on
the network EE. The authors in [15] investigated the joint D2D
group association and channel assignment in uplink multi-cell
NOMA networks. Recently, in [16], the optimal power allocation
problem for D2D pairs uplink transmissions with imperfect SIC
decoding is investigated. The power allocation problem in the
downlink of D2D-aided cooperative NOMA networks with imperfect Channel State Information (CSI) is investigated in [17].
Similarly, the authors in [18] analyzed the ergodic sum-rate for
D2D-enabled relay NOMA networks, which is maximized by an
optimal power allocation strategy. The authors in [19] investigated the resource allocation problem for D2D communication at
mmWave underlaying a multi-input multi-output (MIMO) NOMA
cellular network. Despite significance of network sum-rate or
EE achieved gains in the works of [13–19], the allocation of
resources is limited to the underlying D2D communications resources without considering resource allocation at the cellular
tier.
Considering downlink NOMA-based cellular networks with
underlay D2D communications, the work in [20] allocates transmission power to cellular users and D2D pairs, while guaranteeing the SIC decoding order constraints and the minimum rate requirements of cellular users. The D2D pairs’ reuse of sub-channels
is optimized, whereas allocation of sub-channels to CUs is assumed to be known. The authors in [21] complement the approach in [20] by an interlay mode, under which the D2D pairs
join the NOMA group of CUs; and thus, SIC can eliminate the
interference introduced by the D2D pairs. However, applying the
NOMA protocol at the underlay or interlay further complicates
the management of co-channel interference and the SIC decoding
order. In addition, the number of NOMA-based D2D pairs that can
be served is limited due to the complexity of SIC. To alleviate
such complexity, and further enhance access of D2D pairs, the
authors in [22] apply the NOMA protocol only to schedule CUs
on the licensed spectrum, while giving D2D pairs the option
to select between interlay and underlay modes in reusing the
cellular spectrum. However, under either of these modes, the
co-channel interference has to be carefully managed to provide
interference protection to CUs and D2D pairs, while maintaining
their minimum rate requirements. A multi-objective optimization

problem is formulated in [23] to jointly optimize the uplink
network sum-rate while taking into account the power budget
and minimum rate requirements of CUs and D2D pairs. The problem is converted into a single-objective optimization problem
by the weighted Tchebycheff method, which is then solved by
a monotonic optimization approach. Adopting orthogonal frequency multiple access (OFDMA) for cellular users and NOMA
for D2D pairs, the authors in [24] designed a SC assignment
algorithm to assign the uplink and downlink SCs in addition to
power allocation. The authors in [25] investigated the problem
of mode selection and resource allocation for EE content fetching
in D2D-enabled cellular networks. The contents can be fetched
either from the BS via OFDMA or from another D2D device via
D2D-enabled NOMA. In [26], the authors tackled the problem of
maximizing the full-duplex (FD) D2D communication throughput
of IoT nodes underlying the uplink of a NOMA-based cellular
network. This was achieved through an optimal allocation of SCs
and transmit power. Unlike preceding studies where NOMA is
applied either at the cellular tier or underlay D2D communication,
in [26] NOMA is applied between cellular users and FD D2D
devices.
Another line of work considers NOMA-based applications/
services that are geared towards beyond 5G (B5G) cellular networks [7,27]. For instance, in [28], a downlink NOMA-based D2D
system that coexists with a cellular network is considered, while
accounting for ultra-reliable low-latency communication (URLLC)
requirements. Particularly, a greedy asynchronous distributed
interference avoidance algorithm (GADIA) is utilized for dynamic
frequency allocation, with the aim of achieving max–min fairness
via power allocation. Two frequency bands have been considered
(with and without frequency sharing), while utilizing GADIA. It
has been demonstrated that the proposed algorithm is effective at improving the network sum-rate and reducing the mean
interference received by the D2D users. In [29], D2D mobile
relaying is applied to NOMA-based cellular networks. Specifically,
a hybrid two-tier scheme – utilizing a biform game model – is
proposed, where cellular links utilize NOMA, whereas as D2D
links use OMA. Closed-form outage probability expressions are
derived for both OMA and NOMA links, and the average perceived throughput by each network device is computed. This
work is further is extended in [30], where two reinforcement
learning algorithms are proposed to allow network users to
self-organize in a fully distributed fashion and learn when to
select the cellular mode or obtain access via the D2D mode.
In [19], D2D communications at a mmWave underlaying MIMONOMA cellular network is studied for spectral-efficiency maximization. In particular, the formulated problem is decomposed
into interference-aware graph-based user clustering, beamforming design, and power allocation via particle swarm optimization.
The proposed algorithm is shown to outperform conventional
D2D communications operating underlay MIMO-OMA cellular
networks. Relay-aided D2D transmissions in NOMA networks is
considered in [31], with the goal of maximizing network sumrate. To this end, a deep neural network (DNN) framework is
proposed for joint power allocation at the source and relay nodes,
while reducing computational complexity. A Q-learning-based
random access solution is proposed in [32] for NOMA-based MTC
networks with device clustering, where is shown to improve
throughput and convergence. In [33], covert communications in
D2D underlaying NOMA cellular networks is considered. To be
specific, a covert communication scheme is devised to maximize
the average transmission rate of covert signals. Traffic offloading
in studied in [34] for NOMA-based D2D-enabled networks, while
employing licensed and unlicensed access. Particularly, the aim
is to maximize the D2D network capacity via SC assignment
and power control, while satisfying NOMA-based capacity requirements. In turn, a matching-based licensed SC allocation
2
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algorithm and an unlicensed SC access mechanism are proposed.
Also, centralized and distributed power control algorithms are
devised, where the proposed solutions are illustrated to improve
the throughput of D2D networks in comparison to other existing
works.
Many of the aforementioned works [13–19] apply resource
allocation to the D2D communication underlay only. In addition,
most of the works [20,23–26] that consider resource allocation
at the cellular tier as well as the D2D tier do not account for the
presence of multiple D2D pairs on the same SC, which is essential
for enhancement of spectral efficiency and resource utilization.
Furthermore, the fair allocation of resources and achievable rate
is not considered in the aforementioned works. Therefore, it is
crucial to design a holistic resource allocation algorithm that
facilitates a fine-grained control over optimized resources at the
NOMA-based cellular tier and underlaid D2D communications,
provide performance guarantees to both CUs and D2D pairs, and
at the same time, achieve a fair access to the shared spectrum
and power resources.
This work proposes the application of the NOMA protocol
to manage the CUs’ access to the licensed spectrum; whereas,
an OMA protocol manages the underlying D2D communication
access to the same spectrum, as illustrated in Fig. 1a. The design
of a resource allocation algorithm for the considered network is
not trivial, as the co-channel mutual interference is inevitable
in such networks for three reasons. First, the D2D transmissions
introduce co-channel interference, which, if not carefully managed, alters the decoding order of NOMA transmitted signals.
Second, CUs’ transmissions significantly impact the reliability
of D2D transmissions reusing the cellular spectrum. Third, colocated D2D pairs suffer from severe co-channel interference
due to their high transmission power. Therefore, the power and
SC allocation at the cellular tier and underlay D2D communications should be jointly optimized to manage their excessive
mutual interference, and guarantee quality-of-service (QoS) requirements. The interference model is shown in Fig. 1b. Since
SIC is a third-order polynomial-time complexity algorithm, the
number of CUs multiplexed over a given SC should be limited
to maintain the resource allocation algorithm’s practicality. This
design requirement is essential in downlink scenarios, where the
CUs’ computational capacity is constrained [22]. Moreover, the
D2D transmissions may substantially compromise the rate and
QoS performance of certain CUs operating on the same spectrum.
Therefore, the D2D pairs should be distributed over SCs occupied
by CUs in a manner that preserves rate-fairness among these
CUs. To the best of our knowledge, none of the existing works in
the literature have collectively considered all the aforementioned
design issues and challenges.
This paper fills this research gap and develops a holistic resource allocation solution for D2D-enabled NOMA networks. Our
target is to maximize the network sum-rate via joint allocation of
power and SCs to CUs and D2D-pairs. Particularly, CUs are scheduled to form NOMA groups on SCs, and D2D-pairs are scheduled
to reuse the SCs allocated to the CUs. The BS power is allocated to
CUs downlink transmissions, and the D2D transmitter’s power is
allocated for direct transmissions. Both power allocation and SC
allocation are jointly optimized to manage interference, guarantee QoS requirements, preserve decoding order of NOMA groups,
and maintain low SIC complexity. The contributions of this paper
are summarized as follows:

Fig. 1. (a) An illustration of the NOMA network with an underlay D2D
communication, and (b) its interference model.

tier and the underlay D2D communications. The problem
constraints model interference management conditions, SIC
decoding order restrictions, QoS-related minimum rate requirements, and power availability limits at the BS and D2D
transmitters. Furthermore, other constraints model restrictions imposed on CUs and D2D communication pairs access
to SCs. These restrictions maintain low SIC complexity and
fairness among CUs. This type of combinatorial problems
is known to be NP-hard; and thus, obtaining a resource
solution in polynomial-time complexity is not feasible [35].
• Holistic Algorithmic Design: The original problem is decomposed into two subproblems: the SC allocation problem
and the power allocation problem. The problem of allocating

• Problem Formulation: The joint resource allocation problem for downlink NOMA-based cellular networks with underlaid D2D communications is posed as a mixed-integer
and non-convex optimization problem. The objective function captures the network sum-rate of both the cellular
3
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Table 1
Notation.

SCs to CUs and D2D pairs is posed as a two-stage many-tomany matching game with externalities.3 The externalities
capture mutual interference among CUs as well as D2D
pairs, and are handled by swap-matching. In the first stage,
SCs are allocated to CUs, and in the second stage, SCs are
allocated to D2D-pairs. The power allocation is performed
at initialization, the end of the first stage, and the end of
the second stage of the two stage many-to-many matching
game. While equal power allocation is applied at initialization, the difference-of-convex (DC) programming approach
is adopted at the end of the first and second stages. In
addition, the stability and convergence properties of the
proposed algorithmic designs are analyzed.
• Comparative Performance Evaluation: Our proposed algorithm is benchmarked against the algorithm presented
in Kazmi et al. [22] as well as its OMA-based counterpart
algorithm. Specifically, Kazmi et al. investigate the resource
allocation problem for a similar network model to the one
considered in this work, but do not account for the QoS
requirements of the D2D pairs, fairness in CUs’ assigned rate,
and CUs or D2Ds access to multiple sub-channels. Performance evaluations demonstrate the efficacy of the proposed
algorithm and its superiority over existing algorithms.

Symbols

Definition

U , D, K

P̄
P̄d
pku

Set of CUs, D2D pairs and SCs, respectively
Number of CUs, D2D pairs and SCs, respectively
Normalized channel gain between transmitter a and
receiver b over SC k
Total available power budget of BS
Total available power budget of D2D transmitter
Power allocated to CU u over SC k

pkdTx

Power allocated to D2D transmitter dTx over SC k

φuk
ψdk

NOMA interference at CU u over SC k
Interference introduced to D2D d over SC k by CUs on the
same SC
Binary assignment variable for CUs and D2Ds, respectively
Maximum number of SCs assigned to each CU
Maximum number of CUs multiplexed over each SC
Maximum number of SCs reused by each D2D pair
Maximum number of D2D pairs multiplexed over each SC

U , D, K

γak,b

ηuk , δdk
µ
κ
τ
ν

gains over SCs they reuse.4 It is important to mention here
that mode selection between cellular communication and D2D
communication is beyond the scope of this work. In other words,
the mode of communication for UEs is assumed to be known. The
frequently used symbols are summarized in Table 1.
The set of CUs is denoted by U = {1, . . . , u, . . . , U }, while the
set of D2D pairs is denoted by D = {1, . . . , d, . . . , D}. A D2D pair
d consists of a transmitter and a receiver denoted by dTx and dRx ,
respectively. The frequency spectrum is divided into K SCs and
denoted by the set K = {1, . . . , k, . . . , K }. The CSI is assumed
to be perfectly known to the BS.5 Five channel coefficients affect
users’ rates in downlink transmissions of the considered network.
First, the channel coefficient of the transmission link from BS to
CU u on SC k is denoted by hkBS ,u . Second, the channel coefficient
hkdTx ,dRx represents the D2D transmission link between dTx and

It is important to mention here that authors in [22] consider
most of the design issues considered in this work except satisfaction of the minimum rate requirements of D2D pairs, and
the flexibility in sharing resources among multiple CUs and D2D
pairs. Particularly, the problem formulation in [22] overlooks the
importance of assigning each D2D pair with a rate higher than
the minimum acceptable rate, which would justify the complexity
and control overhead incurred by frequency reuse. Furthermore,
in [22], the number of SCs assigned to each CU and D2D pair
is restricted to one SC, which limits the network’s accessibility.
Therefore, the resource allocation algorithm presented in [22]
does not apply to the resource allocation problem considered in
this work.
The remainder of this paper is organized as follows. Section 2 presents the network model, while Section 3 outlines
the joint resource allocation problem formulation. Furthermore,
a general outline of the proposed solution is described in Section 4. Section 5 presents the two-stage many-to-many stable
matching game formulation of the SCs allocation problem and
its corresponding algorithmic solution. Section 6 presents the DC
functions reformulation of the power allocation problem, and
our Frank–Wolfe-based algorithm. Our algorithmic designs developed in Sections 5 and 6 are combined in a joint SC and
power allocation algorithm, which is presented in Section 7.
Performance evaluation results of the proposed algorithms are
given in Section 8, while conclusions are drawn in Section 9.

dRx over SC k. Third, the link over which the BS interferes with
the D2D receiver dRx on SC k has a channel coefficient denoted
by hkBS ,dRx . Fourth, the channel coefficient of the interference link

between the D2D transmitter dTx and CU u scheduled on the same
SC k is denoted by hkdTx ,u . Fifth, the channel coefficient hkd′Tx ,dRx is
that of the co-interference link between two D2D pairs d′ and
d operating on the same SC k. The channel coefficients capture
both large-scale and small-scale fading on SC( k between
any
)−α/2
transmitter a and any receiver b, i.e. hka,b = ga,b da,b
, where
gak,b is an i.i.d. circular symmetric complex Gaussian random variable representing the Rayleigh fading, da,b is the corresponding
propagation distance, and α is the path-loss exponent. The zeromean and σ 2 -variance additive white Gaussian noise (AWGN) at
CU u and D2D receiver dRx is denoted by nu and ndRx , respectively.
Therefore, the normalized channel gain between any transmitter
|hk |

2

a and any receiver b is defined as γak,b ≜ aσ,2b .
In NOMA networks, a group of CUs are multiplexed in the
power domain over the same SC k as opposed to OMA, where
each SC is assigned to a single CU. In addition, each CU u can
receive its signals from the BS over multiple SCs [36,37]. Let ηuk
be a binary decision variable indicating assignment of SCs to CUs,
as

2. Network model
Consider a single-cell downlink NOMA network consisting of
a single BS, a set of CUs that communicate directly with the BS
over the licensed spectrum, and a set of UE pairs that satisfy
the D2D communication requirements. The D2D communication
pairs reuse the licensed spectrum of the cellular tier. At the cellular tier, resources are scarce and shared among a large number
of CUs; therefore, in order to improve the spectral efficiency, the
NOMA is used for scheduling CUs. In contrast, at the underlay D2D
communications, the two UEs forming each D2D communication
pair are often located in close proximity and enjoy strong channel

η =
k
u

{

1, if SC k is assigned to CU u,
0, otherwise.

(1)

4 The D2D communication is a type of peer-to-peer communication, where
multiple-access is not required. Hence, OMA is optimal for D2D communications.
5 Although CSI and SIC are assumed to be perfect, in our performance

3 In many-to-many matching on two disjoint sets, at least one agent from
one of the sets may be matched to more than one agent in the other set.

evaluation, we study the impact of imperfect CSI and SIC on the performance
of the proposed scheme.
4
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where φuk is the interference power of the CUs with higher channel gains, expressed as

The allocated power to all CUs over the available spectrum in a
given cell must satisfy the BS power budget constraint, as given
by

∑∑

η

k k
u pu

≤ P̄ ,

{ ⏐
⏐
u ′ ∈ U ⏐γ k

(2)

BS ,u

u∈U k∈K

1, if SC k is assigned to D2D pair d,

{

(3)

0, otherwise.

∑

The D2D pairs utilize OMA to transmit their data over the reused
SCs. The transmission power of a D2D transmitter dTx over all SCs
assigned to it must satisfy the available power budget P̂d , which
can be written as

∑

δdk pkdTx ≤ P̂d ,

∀d ∈ D ,

∑



+



u′ ∈U \{u}



desired signal

∑





inter-user interference

ψdk = γBSk ,dRx


(5)

k k
d hdTx ,dRx

√

pkdTx xkdTx



+

∑



δ

k k
d′ hd′Tx ,dRx

√

η

k
u

pku xku

(6)
pkd′Tx xkd′Tx +ndRx .

∑


1+φ +

k k k
u pu BS ,u
k k
k k
d∈D d dTx ,u u pdTx

δ γ

(15)

δdk pkdTx γdkTx ,u ηuk ≤ ξ k ,

∀u ∈ U , ∀k ∈ K .

(16)

The minimum rate constraint in (14) as well as the interference protection in (16) guarantee minimum QoS performance for
CUs. However, it is also important to maintain fairness among
CUs’ rates, and thus, a restriction on the number of D2D pairs that
reuse a SC occupied by CUs is imposed. This restriction balances
interference of the D2D pairs on different CUs, which improves
fairness. To preserve low complexity at the D2D receiver, the
number of SCs allocated to each D2D pair is limited, which also
contributes to improving fairness among CUs’ rates. In particular,
the number of D2D pairs reusing SC k is limited to τ , whereas the
number of SCs assigned to a D2D pair is limited to ν , as

(7)

Therefore, the achievable data rate of CU u on SC k after performing SIC is given by [22],

η γ
∑

(14)

d∈D

∀u, u′ ∈ {U |γBSk ,u > γBSk ,u′ }, u ̸= u′ , ∀k ∈ K.

k
u

d′ ∈D \{d}

To maintain the QoS for CUs, the transmit power of all D2D
pairs reusing k should be carefully optimized in order to protect the cellular tier transmissions from interference. The following constraint limits the interference produced by all D2D
transmitters to each CU u on each SC k is limited to ξ k , as



At the cellular tier, a NOMA-based CU u multiplexed on a SC
k performs SIC6 to suppress the signals of other scheduled CUs
on SC k with lower channel gains before it decodes its signal,
while treating the signals of CUs with higher channel gains as
interference [36]. Therefore, according to the SIC principle, CUs
with higher normalized channel gains are allocated lower power
levels, and vice versa [38]. This condition can be written as

Rku = log2 1 +

∑

Rkd ≥ Rdmin , ∀d ∈ D, ∀k ∈ K.

√





(

(13)

Similarly, a D2D pair d reuses a SC k only if it is able to achieve a
minimum rate of Rdmin , i.e.,

interference from other D2D pairs

ηuk pku ≤ ηuk′ pku′ ,

ηuk pku .

Rku ≥ Rumin , ∀u ∈ U , ∀k ∈ K.

d′ ∈D \{d}



(12)

All CUs should maintain a minimum rate of Rumin on their
assigned SCs to guarantee QoS, i.e.,

cellular tier interference

∑

,

δdk′ γ k′ Tx Rx pk′ Tx captures the interference
d ,d
d
produced by other D2D pairs, ∀d′ ∈ D \ {d}, over the same SC.

u∈U



desired signal

+

∑

Note that



hkBS ,dRx

pk

,dRx d′ Tx

u∈U

δdk hkdTx ,u pkdTx xkdTx +nu ,



)

where ψdk is the interference introduced by BS transmissions
intended to CUs operating on the same SC, as given by

√

D2D interference

=δ


δdk pkdTx γdkTx ,dRx
1+
∑
1 + ψdk + d′ ∈D\{d} δdk′ γ k′ Tx
d

where xku denotes the transmitted symbol of CU u, and xkdTx is that
of D2D transmitter dTx . Also, xku′ is the transmitted symbol of CU
u′ which belongs to the set of interferers with CU u. On the other
hand, the received signal at D2D receiver dRx over SC k can be
expressed as
ykdRx

(11)

Rkd = log2

d∈D



ηuk ≤ µ, ∀u ∈ U .

(

√
ηuk′ hkBS ,u pku′ xku′

∑

(10)

Unlike CUs, D2D receivers treat all signals from CUs assigned
to the same SC and D2D transmitters reusing the same SC as
interference. Thus, the achievable data rate of D2D pair d on SC k
is given by [22]

(4)

pku xku +

ηuk ≤ κ, ∀k ∈ K,

k∈K

where pkdTx denotes the transmit power of D2D transmitter dTx
over SC k. The received NOMA signal at CU u over SC k is given
by

√

(9)

u∈U

k∈K

yku = ηuk hkBS ,u

k
′ >γBS ,u

ηuk′ pku′ .
}

It is important to note
performing SIC
( )that the complexity of ∑
k
is in the order of O Nk3 [37,39], where Nk =
∀u∈U ηu is the
number of CUs multiplexed on SC k. Thus, taking SIC complexity
into account, the number of CUs multiplexed over a single SC
is limited to κ , whereas the number of SCs assigned to a CU is
limited to µ. Hence, the following constraints must be satisfied,

where pku is the power allocated to CU u over SC k and P̄ is the
total available power budget of the BS. Similarly, let δdk be a binary
decision variable for D2D pairs, such that

δdk =

∑

φuk = γBSk ,u

η

∑

)

δdk ≤ τ , ∀k ∈ K,

(17)

δdk ≤ ν, ∀d ∈ D,

(18)

d∈D

,

(8)

and

∑
k∈K

6 In this work, perfect SIC is assumed at the CUs.

respectively.
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3. Problem formulation

allocation subproblem and a power allocation subproblem. The
SC allocation subproblem is posed as a two-stage many-to-many
stable matching game with externalities to assign SCs to CUs and
D2D pairs, while the power allocation subproblem is modeled as
a DC programming problem, which is iteratively optimized by the
Frank–Wolfe (FW) algorithm [40–42]. Our two-stage approach to
the problem is outlined as follows:

In this section, we present the joint SC assignment and power
allocation problem for the downlink D2D-enabled NOMA network. Based on the aforementioned model, the sum-of-rates
(SOR) optimization problem is formulated to maximize the sum
of CUs and D2D pairs achievable rates over all SCs as follows.
SOR:

[
∑ ∑

max

ηuk ,δuk ,pku ,pk Tx k∈K u∈U
d

s.t.

∑∑

]
∑

Rku +

Rkd

(1) Stage-1: In the first stage of the matching game, the set
of CUs U and SCs K are considered as two disjoint sets of
selfish and rational players aiming to maximize their own
utilities. The matching between CUs and SC is obtained as
follows.

(19)

d∈D

ηuk pku ≤ P̄ ,

(19a)

u∈U k∈K

∑

δdk pkTx ≤ Pˆd , ∀d ∈ D,

(19b)

δdk pkTx γ kTx ηuk ≤ ξ k , ∀u ∈ U , ∀k ∈ K,

(19c)

d

k∈ K

∑

d

d

d∈D

Rku

≥

Rumin

,u

(a) Players, i.e., CUs and SCs, construct their preference
lists. Specifically, the CUs construct their preference
lists over SCs based on their achievable rate on each
SC assuming equal transmit power allocation at initialization. Similarly, the SCs construct their preference lists over CUs based on achievable rate of each
CU.
(b) Find an initial many-to-many matching between CUs
and SCs.
(c) Update power allocation while accounting for the
interference introduced by CUs multiplexed on the
same SC.
(d) Apply swap-matching under which CUs try to exchange their assignments to improve their utilities
without degrading any other user’s utility. Swapmatching handles externalities imposed by CUs preferences over not only SCs but also other CUs sharing
the same SC.
(e) Update transmit power allocation in the case of a
successful swap.

and Rkd ≥ Rdmin ,

∀u ∈ U , ∀d ∈ D, ∀k ∈ K,
∑
∑
ηuk ≤ κ, ∀k ∈ K and
ηuk ≤ µ, ∀u ∈ U ,
u∈U

k∈K

∑

∑

δdk ≤ τ , ∀k ∈ K and

d∈D

δdk ≤ ν, ∀d ∈ D,

(19d)
(19e)
(19f)

k∈ K

ηuk pku ≤ ηuk′ pku′ ,
k
k
∀u, u′ ∈ {U |γBS
,u > γBS ,u′ },

u ̸ = u′ , ∀k ∈ K,
0 ≤ pku ≤ ηuk P̄ , ∀u ∈ U , ∀k ∈ K,
0 ≤ pk Tx ≤ δdk P̂d , ∀d ∈ D , ∀k ∈ K,
d

(19g)
(19h)
(19i)

ηuk ∈ {0, 1} and δdk ∈ {0, 1},
∀u ∈ U , ∀d ∈ D, ∀k ∈ K.

(19j)

Constraint (19a) guarantees that the total power allocated to
CUs in the cell does not exceed the BS’s total power budget. Similarly, constraint (19b) guarantees that the total transmit power
of D2D transmitter dTx does not exceed its total power budget P̂d .
Constraint (19c) provides protection for the cellular tier transmissions by ensuring that the total interference produced from all
D2D pairs reusing the same SC k at CU u is below a threshold ξ k .
Constraint (19d) guarantees minimum rate for all CUs and D2D
pairs over their assigned SCs. Constraint (19e) ensures that each
SC can be assigned to at most κ NOMA-based CUs, and each CU
can be multiplexed over at most µ SCs. Likewise, Constraint (19f)
ensures that each SC can be assigned to at most τ D2D pairs, and
each D2D pair can reuse at most ν SCs. Constraint (19g) ensures
that the power allocated to NOMA-based CUs satisfies the SIC
decoding order over each SC. Constraint (19h) ensures that the
power allocated to CU u over SC k does not exceed the BS’s total
power budget when ηuk = 1; otherwise, if ηuk = 0, the constraint
reduces to pku = 0. Similarly, Constraint (19i) ensures that the
transmission power of a D2D transmitter dTx reusing SC k does
not exceed its total power budge P̂d when δdk = 1; otherwise, if
δdk = 0, the constraint reduces to pkdTx = 0. Finally, Constraint (19j)
defines binary assignment variables ηuk and δdk .

(2) Stage-2: In the second stage, the D2D pairs are assigned
to SCs, and therefore, the set of D2D pairs D and SCs K
are considered as two disjoint sets of rational and selfish
players aiming to maximize their own utilities. Knowing
the CUs multiplexed on each SC from Stage-1, the matching
between D2D pairs and SCs based on a fixed initial power
– for D2D pairs – is obtained as follows.
(a) Players, i.e., D2D pairs and SCs construct their preference lists. Particularly, the D2D pairs will construct
their preference lists over SCs based on their achievable rate on each SC. Likewise, SCs construct their
preference lists over D2D pairs based on the total
rate achieved on that SC if D2D pair is to be multiplexed on it. Note that, a SC will consider a D2D pair
as an unacceptable match if it introduces an interference level – to the multiplexed CUs – exceeding the
protection threshold.
(b) Find initial many-to-many matching between SCs
and D2D pairs.
(c) Jointly update allocation of transmit power to CUs
and D2D pairs.
(d) Enable swap-matching to account for externalities
imposed by CUs and D2D pairs.
(e) Apply joint power allocation to CUs and D2D pairs
after each successful swap.

4. Proposed solution
The formulated SOR problem is a mixed-integer non-linear
programming (MINLP) problem, which is non-convex and combinatorial in nature due to the interference terms in the objective
function and the binary decision variables representing the SC
allocation to CUs and D2D pairs. Therefore, this problem is NPhard, and there is no systematic and computationally-efficient
approach to solve it optimally [35]. In turn, this work proposes a
sub-optimal solution based on decoupling the problem into a SC

The following two sections, Sections 5 and 6 detail the algorithmic design of our solutions to the SC allocation and power
allocation subproblems. These designs constitute the joint SC and
power allocation algorithm, which is presented in Section 7.
6
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5. Sub-channels allocation

According to Remark 1, each CU u ∈ U constructs its preference list P(u), over the set of SCs K. For any two SCs k, k′ ∈ K, k ̸ =
k′ , the preference list P(u) is constructed as

In this section, the SC allocation problem for CUs and D2D
pairs is discussed. The problem is modeled as a two-stage manyto-many two-sided exchange stable (2S-MM-2ES) matching game
with externalities. The SC assignment problem satisfies constraints (19e), and (19f) of the SOR problem. The SC assignment
is achieved over two stages; each of the stages implements a
matching game. In the first stage, the set of CUs U and the set
of SCs K are considered as two disjoint sets of players aiming
to maximize their own utilities [22,37]. At this stage, the D2D
pairs are not assigned, i.e., δdk = 0, ∀d ∈ D, ∀k ∈ K. In the
second stage, the set of D2D pairs D and the set of SCs K are
considered as two disjoint sets of players aiming to maximize
their own utilities, given the CUs assignment from the first stage,
i.e., ηuk , ∀u ∈ U , ∀k ∈ K. Moreover, according to constraints (19e)
and (19f), each CU and D2D pair can be assigned to multiple
SCs, and each SC can have multiple CUs and D2D pairs assigned
to it. In the following subsections, our design of the two stages
is presented, which is followed by the proposed SC assignment
algorithm.

P(u) : k ≻ k′ ⇔ Uu (k) > Uu (k′ ),

which implies that CU u prefers SC k over k′ only if the utility of
u over k is greater than that over k′ .
Remark 2. The utility of a SC k over a CU u is defined as the
achievable data rate u, given that no D2D pairs are utilizing SC
k, i.e., δdk = 0, ∀d ∈ D, as

(
Uk (u) = log2 1 +

(22)

(23)

Remark 3. The formulated matching game is a many-to-many
matching game with externalities, where a CU u ∈ U not only
has preference over SCs it matches with, but also over other CUs
u′ ∈ U \{u} that are matched to a given SCs.
It is clear from (20) that the utility of CU u over SC k, i.e., Uu (k),
is a function of the inter-user interference φuk . This tight coupling
between the CUs’ utilities, due to the existence of interference,
introduces externalities to the matching game. In order to handle
such externalities, players are allowed to exchange their matchings by enabling swap operations. In turn, this gives rise to what
is called swap matching, which is formally defined as follows [37,
44].
Definition 2. Given a matching M with (u, k) ∈ M, (u′ , k′ ) ∈
M and (u, k′ ) ̸ ∈ M, (u′ , k) ̸ ∈ M, a swap matching Muk
=
u′ k′
{M\{(u, k), (u′ , k′ )}} ∪ {(u, k′ ), (u′ , k)} is defined such that (u′ , k) ∈
Muk
, (u, k′ ) ∈ Muk
and (u, k) ̸ ∈ Muk
, (u′ , k′ ) ̸ ∈ Muk
.
u′ k′
u′ k′
u′ k′
u′ k′

where M ⊆ U × K, M(u) = {k ∈ K|(u, k) ∈ M}, and M(k) = {u ∈
U |(u, k) ∈ M}.

Based on Definition 2, a swap operation between CUs u and
u′ to exchange their matched SCs k and k′ , respectively, results
in a swap matching where only the involved players’ matchings
are exchanged, while all other CUs and SCs matchings remain
unchanged.
The existence of externalities in matching games produces a
significant challenge to design compatible matching algorithms,
where even determining the existence of a stable matching becomes very difficult [44]. Therefore, the basic form of stability,
namely pairwise-stability, can no longer be achieved. Alternatively, another form of stability, namely two-sided exchange stability (2ES), can be achieved [44]. In order to ensure 2ES, it is
important for all players to be involved in a swap operation to
approve the swap. That is, not only the CUs should be satisfied
with the swap, but also the SCs involved should improve their
utilities as a result of the swap. In addition, all other players
that are affected by the swap operation – but not participating
in the swap – must approve the swap, so 2ES can be maintained.
Accordingly, it becomes necessary to define the swap-blocking
pair in the following definition [37,43,44].

Conditions (i) and (ii) denote that each CU u is matched to a
subset of SCs, and each SC k is matched to a subset of CUs, respectively. Condition (iii) ensures that the total
of matched
∑number
k
SCs for each CU u does not exceed µ, i.e.,
k∈K ηu ≤ µ, ∀u ∈ U .
Similarly, condition (iv) ensures that the total
of matched
∑ number
k
CUs for each SC k does not exceed κ , i.e.,
u∈U ηu ≤ κ, ∀k ∈ K.
Condition (v) implies that a CU u is matched to a SC k if and only
if SC k is matched to CU u.
The matching between players depends on the selfish and
rational interests of the players in each set. Therefore, to model
the competitive decision process of the matching game, both CUs
and SCs are required to construct preference lists7 by ranking the
players of the opposite set in a descending order of preference
with respect to their own interests to maximize their utilities.
Remark 1. The utility of a CU u over a SC k is defined as the
achievable data rate on that SC, assuming that none of the D2D
pairs is reusing SC k in the first stage, i.e., δdk = 0, ∀d ∈ D, as
1 + φuk

∀u ∈ U , ∀k ∈ K .

which indicates that SC k prefers CU u over u only if the utility
of k is higher when it is assigned to u than when it is assigned to
u′ .

M(u) ⊆ K;
M(k) ⊆ U ;
|M(u)| ≤ µ;
|M(k)| ≤ κ ;
k ∈ M(u) ⇔ u ∈ M(k),

k
pku γBS
,u

,

′

Definition 1. A many-to-many matching M between two disjoint
sets U and K is a mapping from the set U ∪ K ∪ ∅ into the set of
U ∪ K ∪ ∅, such that for every u ∈ U and k ∈ K, the following
conditions are satisfied:

(

1 + φuk

)

P(k) : u ≻ u′ ⇔ Uk (u) > Uk (u′ ),

In this subsection, the first stage of our matching game (i.e. the
formation of the SC assignment many-to-many two-sided exchange stable matching for CUs and SCs) is discussed. The manyto-many matching game between the CUs and the SCs is formally
stated in Definition 1 [22,37,43].

Uu (k) = log2 1 +

k
pku γBS
,u

According to Remark 2, each SC k ∈ K constructs its preference
list P(k), over the set of CUs U . For any two CUs u, u′ ∈ U , u ̸ = u′ ,
the preference list P(k) is constructed as

5.1. Stage-1: Sub-channel allocation matching game for cellular
users

(i)
(ii)
(iii)
(iv)
(v)

(21)

)
,

∀u ∈ U , ∀k ∈ K.

(20)

Definition 3. Given a matching M and a pair of CUs (u, u′ ) that are
matched in M, i.e., M(u) ̸ = ∅ and M(u′ ) ̸ = ∅, if there exist k ∈ M(u)
and k′ ∈ M(u′ ) such that

7 The symbol ≻ denotes the preference relation for CUs and SCs.
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∀i ∈ {u, u′ , k, k′ }, Ui Muk
≥ Ui (M) and,
u′ k′
(
)
∀i ∈ {M(k)\{u} ∪ M(k′ )\{u′ }}, Ui Muk
≥ Ui (M) and,
u′ k′
(
)
∃i ∈ {u, u′ , k, k′ }, Ui Muk
>
U
(
M
)
or,
′
′
i
uk
(
)
∃i ∈ {M(k)\{u} ∪ M(k′ )\{u′ }}, Ui Muk
> Ui (M),
u′ k′

(

)

Remark 5. The utility of a SC k is defined as the average interference introduced by D2D pair d to already existing subset of CUs
Uk ⊂ U in SC k, such that the interference introduced to each CU
is less than or equal to ξ k , i.e., pkdTx γdkTx ,u ηuk ≤ ξ k , ∀u ∈ Uk , as

where Ui (M) denotes the utility of player i under matching M,
then swap matching Muk
is approved, and (u, u′ ) is called is
u′ k′
swap-blocking pair.

Uk (d) =

1

∑

|M| u∈U

pkdTx γdkTx ,u ∀d ∈ D, ∀k ∈ K.

(26)

k

In light of Remark 5, each SC k ∈ K constructs its preference
list P ′ (k), over the set of D2D pairs D. Given the set of CUs Uk being
multiplexed over SC k, for any two D2D pairs d, d′ ∈ D, d ̸ = d′ ,
the preference list P ′ (k) is constructed as follows,

Condition (i) implies that the utilities of all players involved in
a swap should not decrease after the swap. Condition (ii) indicates
that the utilities of all other players affected by a swap, but not
participating in a swap, should not decrease after the swap. Conditions (iii) and (iv) indicate that for a swap to be approved, there
must exist at least one player whose utility has increased after
the swap operation. Thus, Definition 3 implies that a swap is only
approved if all players, i.e. CUs and SCs, participating in a swap
either preserve their existing utilities or improve it. Accordingly,
the concept of two-sided exchange stability is formally stated in
Definition 4 [44].

P ′ (k) : d ≻ d′ ⇔ Uk (d, Uk ) < Uk (d′ , Uk ).

(27)

Therefore, SC k prefers D2D d over d′ only if the average interference produced by d to CUs Uk is less than that produced by
d′ . Note that, a D2D pair d ∈ D may declare a SC k ∈ K as
unacceptable if Rkd < Rdmin . Similarly, a SC k ∈ K may declare a D2D
pair d ∈ D as unacceptable if the interference produced to any of
the assigned CU u ∈ Uk over k exceeds ξ k . Therefore, similar to the
players’ preference lists in the first stage, the players’ preference
lists in the second stage are also incomplete.

Definition 4. A matching M is 2ES only if no swap-blocking pairs
exist.
Considering Definition 4, in order to ensure 2ES, the BS has to
search for pairs of CUs that could form potential swap-blocking
pairs. In addition, before approving any swap operation, the BS
has to ensure that the utilities of the players – not participating
in the swap – do not decrease after the swap. In turn, by searching
and eliminating all swap-blocking pairs, the network arrives at a
stable matching assignment, where all CUs and SCs are satisfied
with their matchings.

Remark 6. The formulated second stage matching game is a
many-to-many matching game with externalities, where the utility of a D2D pair d ∈ D is not only affected by the SCs it matches
with, but also by the other D2D pairs d′ ∈ D\{d}, and other CUs
u ∈ U that are matched to the same SCs.

Given the SC assignment for the CUs presented in Section 5.1,
the SCs are now assigned to D2D pairs for spectrum reuse. Similar
to the matching game formulated in the first stage, the second
stage is a many-to-many two-sided exchange stable matching
game between the set of D2D pairs D and the set of SCs K.

It is clear from (24), that the utility of a D2D pair d over
SC k, i.e., Ud (k), is a function of the interference produced from
′
other D2D
∑ pairs d k∈ kD\{d}k and the kinterference from NOMA
CUs, i.e.,
′
d ∈D \{d} δd′ γd′ Tx ,dRx pd′ Tx and ψd , respectively. This interdependency between the D2D pairs’ utilities with other users
in the network introduces externalities to the matching game,
which are handled by enabling swap operations, as discussed in
Section 5.1. Subsequently, based on Remark 6, the following swap
matching is introduced.

Definition 5. A many-to-many matching N between two disjoint
sets D and K is a mapping from the set D ∪ K ∪ ∅ into the set of
D ∪ K ∪ ∅, such that for every d ∈ D and k ∈ K, the following
conditions are satisfied:

Definition 6. Given a matching N with (d, k) ∈ N, (d′ , k′ ) ∈
N and (d, k′ ) ̸ ∈ N, (d′ , k) ̸ ∈ N, a swap matching Ndk
=
d′ k′
{N\{(d, k), (d′ , k′ )}} ∪ {(d, k′ ), (d′ , k)} is defined such that (d′ , k) ∈
, (d′ , k′ ) ̸ ∈ Mdk
.
and (d, k) ̸ ∈ Mdk
, (d, k′ ) ∈ Ndk
Ndk
d′ k′
d′ k′
d′ k′
d′ k′

5.2. Stage-2: Sub-channel allocation matching game for D2D pairs

(i)
(ii)
(iii)
(iv)
(v)

N(d) ⊆ K;
N(k) ⊆ D;
|N(d)| ≤ ν ;
|N(k)| ≤ τ ;
k ∈ N(d) ⇔ d ∈ N(k);

Based on Definition 6, a swap operation between D2D pairs
d and d′ to exchange their matched SCs k and k′ , respectively,
results in a swap matching where only the involved players’
matchings are exchanged while all other CUs, D2D pairs, and
SCs matchings are kept unchanged. In order to ensure 2ES, it is
important for all players involved in a swap operation to approve
the swap. That is, not only the D2D pairs should be satisfied
with the swap, but also the SCs involved should benefit from the
swap. Furthermore, it is important for all other players that are
affected by the swap operation – but not participating in the swap
– to approve the swap to ensure 2ES. Accordingly, it becomes
necessary to define the swap-blocking pair as follows.

where N ⊆ D × K, N(d) = {k ∈ K|(d, k) ∈ N}, and N(k) = {d ∈
D|(d, k) ∈ N}.
Remark 4. The utility of a D2D pair d over a SC k is defined as
the achievable data rate on that SC, as
pkTx γ kTx Rx
d
d ,d

⎛
Ud (k) = log2 ⎝1 +

1 + ψdk +

k k
k
d′ ∈D \{d} δd′ γ ′ Tx Rx p ′ Tx
d
,d
d

∑

⎞
⎠,

∀d ∈ D, ∀k ∈ K.

Definition 7. Given a matching N and a pair of D2Ds (d, d′ ) that
are matched in N, i.e., N(d) ̸ = ∅ and N(d′ ) ̸ = ∅. If there exist
k ∈ N(d) and k′ ∈ M(d′ ) such that

(24)
According to Remark 4, each CU d ∈ D constructs its preference list P(d), over the set of SCs K. For any two SCs k, k′ ∈ K, k ̸ =
k′ , the preference list P(d) is constructed as
P(d) : k ≻ k′ ⇔ Ud (k) > Ud (k′ ),

(i)
(ii)
(iii)
(iv)
(v)

(25)
′

which indicates that CU d prefers SC k over k only if the utility
of d over k is greater than that over k′ .
8

(
)
∀i ∈ {d, d′ , k, k′ }, Ui Ndk
≥ Ui (N) and,
d′ k′
(
)
∀i ∈ {N(k)\{d} ∪ N(k′ )\{d′ }}, Ui Ndk
≥ Ui (N) and,
d′ k′
(
)
∀i ∈ {M(k) ∪ M(k′ )}, Ui Mdk
≥
U
(
M
)
and,
′
′
i
d) k
(
∃i ∈ {d, d′ , k, k′ }, Ui Ndk
> Ui (N) or,
d′ k′
(
)
∃i ∈ {N(k)\{d} ∪ N(k′ )\{d′ }}, Ui Ndk
> Ui (N) or,
d′ k′
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(vi) ∃i ∈ {M(k) ∪ M(k′ )}, Ui Mdk
> Ui (M),
d′ k′

(

)

Algorithm 2: Swap Matching Algorithm (SMA)
Step 1: Initialization

where Ui (N) denotes the utility of player i under matching N,
then swap matching Ndk
is approved, and (d, d′ ) is called is
d′ k′
swap-blocking pair.

1: Initial matching M (or N) using IMA (Algorithm 1);
2: Initialize 2ES matching state M∗ := M (or N∗ := N) ;
Step 2: Swap Matching Process
3: repeat
4:
For each CU u (or D2D pair d), it searches for another CU u′ (or D2D
pair d′ ) to check whether
it forms a swap-blocking pair;
5:
if the pair of CUs (u, u′ ) (or pair of D2D pairs (d, d′ )) forms a
swap-blocking pair in M∗ (or N∗ ) then
6:
Approve swap operation and update the current matching
state M∗ := Muk
(or N∗ := Ndk
);
u′ k′
d′ k ′
7:
else
8:
Keep the current matching state;
9:
end if
10: until there is no swap-blocking pair
Output: 2ES matching M∗ (or N∗ );

Condition (i) implies that the utilities of all players involved
in a swap should not decrease after the swap. Conditions (ii) and
(iii) indicate that the utilities of all other players (i.e. D2D pairs
and CUs) affected by a swap – but not participating in a swap
– should not decrease after the swap. Conditions (iv), (v) and
(vi) indicate that for a swap to be approved, there must exist
at least one player whose utility has increased after the swap
operation. Consequently, by searching and eliminating all swapblocking pairs, the network arrives at a 2ES matching assignment,
where all players are satisfied with their matchings.
5.3. Proposed sub-channel allocation algorithm
In this subsection, the proposed SC assignment algorithm for
our 2S-MM-2ES matching game is presented. The algorithm can
be applied for the first stage and second stage matching games. In
the first stage, the set of CUs U is matched to the set of SCs K, and
in the second stage the same algorithm is applied to assign the set
of D2D pairs D to the set of SCs, which is already matched to CUs
in the first stage. The proposed Initialization Matching Algorithm
(IMA) is presented in Algorithm 1, which is used to construct the
initial matching between CUs and SCs M in Stage-1 based on the
many-to-many ‘‘firm-worker assignment’’ matching game in [45].
Moreover, Algorithm 1 is readily applicable to construct the initial
matching between D2D pairs and SCs N in Stage-2.

The convergence and computational complexity properties of
Algorithm 1 are given in Appendices A and B, respectively. Moreover, the stability and convergence properties of Algorithm 2 are
given in Appendices C and D, respectively.
6. Power allocation
In this section, the power allocation subproblem for CUs and
D2D pairs in the network is considered. Recall that, in the twostage matching game presented in Section 5, SCs are first assigned
to CUs assuming no D2D pairs exist. Contrarily, in the second
stage, the SCs are assigned to D2D pairs while considering the
assignment of SCs to CUs computed in the first stage (i.e. ηuk , ∀u ∈
U , ∀k ∈ K). Similarly, the transmit power is optimized at the
end of each of the stages. In Stage-1, power is allocated to CUs
over their assigned SCs after the first stage of the matching game.
In addition, at the end of Stage-2, the SC assignments for all
UEs (CUs and D2D pairs) in the network are set (i.e. ηuk , ∀u ∈
U , k ∈ K and δdk , ∀d ∈ D, k ∈ K are all determined). Subsequently, the power allocation to CUs and the transmit powers of
all D2D transmitters are optimized at the end of the second stage,
while managing the interference produced from the D2D pairs.
In the following subsections, we present our approach to power
allocation in both stages of the matching game.

Algorithm 1: Initialization Matching Algorithm (IMA)
Step 1: Initialization
1: Construct CUs preference lists P(u), ∀u ∈ U (or D2D pairs preference lists
P(d), ∀d ∈ D)
and SCs preference lists P(k), ∀k ∈ K over the set of CUs (or P ′ (k), ∀k ∈ K
over the set of D2D pairs) ;
2: Set of unmatched CUs Z = {u|P (u) ̸ = ∅, |M(u)| < µ, ∀u ∈ U } (or D2Ds
Z = {d|P (d) ̸ = ∅, |N(d)| < ν, ∀d ∈ D }) and matching state M := ∅ (or
N := ∅);
Step 2: Matching Process
3: while Z ̸ = ∅ do
4:
for every unmatched CU u ∈ Z (or D2D pair d ∈ Z ) do
5:
CU u (or D2D pair d) proposes to its most preferred SC that has never
rejected
it before;
6:
end for
7:
for every SC k ∈ K do
8:
if |M(k)| > κ (or |N(d)| > τ ) then
9:
SC k keeps the most preferred κ CUs (or τ D2D pairs) and rejects
the others;
10:
else
11:
SC k keeps its matching;
12:
end if
13:
end for
14:
Update the matching state M (or N) and the set of unmatched CUs (or
D2D pairs) Z ;
15: end while
Output: Initial matching M (or N);

6.1. Power allocation for NOMA-based cellular users
Given the SC assignment for all CUs, i.e., ηuk is set for all CUs
over all SCs in the network, the SOR reduces to the following CUs
power allocation (CPA) problem
CPA:

∑∑

Rku

(28a)

ηuk pku ≤ P̄ ,

(28b)

Rku ≥ Rumin , ∀u ∈ U , ∀k ∈ K,

(28c)

max

pk
u k∈K u∈U

s.t.

∑∑
u∈U k∈K

ηuk pku ≤ ηuk′ pku′ ,
k
k
∀u, u′ ∈ {U |γBS
,u > γBS ,u′ },

To ensure two-sided exchange stability in the matching solution found using Algorithm 1, swap operations are enabled using
the Swap Matching Algorithm (SMA) presented in Algorithm 2.
Each CU u searches for another CU u′ to check whether it forms
a swap-blocking pair (u, u′ ). If a swap-blocking pair is found,
the swap operation is approved and swap matching is executed.
The process continues until no CUs can form new swap-blocking
pairs, and hence a 2ES matching is obtained.

u ̸ = u′ , ∀k ∈ K,
0≤

pku

≤

ηuk P̄ ,

∀u ∈ U , ∀k ∈ K.

(28d)
(28e)

Recall that at this stage, D2D pairs are not yet assigned any SCs,
and hence, δdk = 0, ∀d ∈ D, ∀∑
k ∈ K. In turn, the D2D interference
k k
k
term in Rku reduces to 0 (i.e.
d∈D δd γdTx ,u pdTx = 0, ∀u ∈ U , ∀k ∈
K).
The CPA is a non-convex optimization problem due to the
non-convexity of the objective function and the minimum rate
9
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Rku ≥ Rumin , and Rkd ≥ Rdmin ,

constraint [40]. In our power allocation algorithmic design, the DC
approach is applied to solve the problem. The objective function
(28a) and the minimum rate constraint (28c) are rewritten as
V (p) = f (p) − g(p),

∀u ∈ U , ∀d ∈ D, ∀k ∈ K,
ηuk pku

(29)

k
k
∀u, u′ ∈ {U |γBS
,u > γBS ,u′ },

and
ηuk pku γuk

Ru
2 min

(

+ 1−

u ̸ = u′ , ∀k ∈ K,

)(

φuk

1+

)

≥ 0,

∀u ∈ U , ∀k ∈ K,

(30)

0≤

(

∑∑

)

k
log2 1 + φuk + ηuk pku γBS
,u ,

(31)

and
(

∑∑

)

log2 1 + φuk ,

(32)

k∈K u∈U

respectively. Both f (p) and g(p) are concave in p [46], which
can straightforwardly be verified by showing that ∇ 2 f (p) ⪯ 0
and ∇ 2 g(p) ⪯ 0 [41]. Thus, CPA is transformed into a DC
programming problem. However, the difference of two convex
functions is not necessarily convex. Therefore, function g(p) is
approximated by its first order Taylor expansion at p(n) in each
iteration l as [40,41,47,48],
(

)

g(p) ≈ g p(l) + ∇ g T

(
T

(

p(l)

)(

)

p − p(l) ,

(

)

s.t.

(28b), (28d), (28e), (30).

(

p(l)

p − p(l)

)

∂ g (p)
j

∂ pi

=

k∈K u∈U

ln 2(1 + φuk )

(

(34)

ĝ1 (p) =

∑∑

where α

{
αuk (i, j) =

∀i ∈ U , ∀j ∈ K,

if j = k, i ̸ =

0,

[

∂ p11

,...,

∂ g (p)
j
∂ pi

,u d

d

d∈D

,

(41)

⎞

log2 ⎝1 + ψ k +

(35)

∑

d

d′ ∈D \{d}

δdk′ γ k′Tx Rx pk′Tx
d ,d
d

ĝ2 (p) =
j
u, γBS ,i

>

k
γBS
,u ,

,...,

∂ g (p)
∂ pKU

∀i ∈ U , ∀j ∈ K.

∑ ∑

(42)

⎞

log2 ⎝1 +

ψdk

+

(36)

∑
d′ ∈D \{d}

k∈K d∈D

δdk′ γ k′Tx Rx pk′Tx ⎠ ,
d ,d
d

(43)

respectively. On the other hand, the minimum rate constraints for
CUs and D2D pairs are rewritten in their linear equivalent form,
as

]
,

+

δdk pkTx γ kTx Rx ⎠ ,
d
d ,d

and
⎛

otherwise.

∂ g (p)

δdk γ kTx pkTx

⎛

In turn, ∇ g (p) is therefore obtained as
∇ g (p) =

)
∑

log2 1 + φuk +

∑ ∑

fˆ2 (p) =

, j) is defined as

j k
ηuk ηi γBS
,u ,

(40)

,u d

d

k∈K u∈U

,

k
δdk γ kTx pkTx + ηuk pku γBS
,u ,

d∈D

k∈K d∈D

k∈K u∈U

k
u (i

)
∑

log2 1 + φuk +

j

αuk (i, j)

(39)

(
∑∑

fˆ1 (p) =

The partial derivative of g(p) with respect to power pi for CU i
over SC j is written as
∑∑

(38g)
(38h)

where V̂1 (p) and V̂2 (p) denote the individual DC forms of the CUs
and D2D pairs data rates, respectively. The functions fˆ1 (p), ĝ1 (p),
fˆ2 (p) and ĝ2 (p) are concave functions in p [46] and are defined as

(33)

)(

∀u ∈ U , ∀k ∈ K

(
) (
)
= fˆ1 (p) − ĝ1 (p) + fˆ2 (p) − ĝ2 (p) ,

where ∇ g p
is the gradient of g(p) at p(l) , (·)T denotes the
transpose operator, and p(l) is the vector of feasible powers at
iteration l. Consequently, the CPA problem can be rewritten as
V (p) = f (p) − g p(l) − ∇ g T

≤

(38f)

V̂ (p)= V̂1 (p) + V̂2 (p)

)
(l)

max
p

ηuk P̄ ,

Similar to the CPA problem discussed in Section 6.1, JPA is also
a non-convex optimization problem due to the non-convexity of
the objective function (38a) and the minimum rate constraints
(38e) for CUs and D2D pairs. Likewise, the objective function is
rewritten in its DC equivalent form, i.e., V̂ (p) = fˆ (p) − ĝ(p). However, note that the objective function
the summation
∑
∑constitutes
k
of both the∑
CUs data
rates,
i.e.,
R
,
and
D2D pairs data
u
k
∈
K
u
∈
U
∑
k
rates, i.e.,
k∈K
d∈D Rd . Therefore, to transform (38a) into its
DC equivalent form, we rewrite V̂ (p) as follows,

k∈K u∈U

g(p) =

pku

0 ≤ pkTx ≤ δdk P̂d , ∀d ∈ D , ∀k ∈ K.
d

respectively. In (29) the objective function – denoted by V (p) –
is expressed as a difference of two convex functions, while (30)
is the linear form of constraint (28c). The functions f (p) and g(p)
are defined as
f (p) =

≤

(38e)

ηuk′ pku′ ,

(
)
(
)
∑
Ru
ηuk pku γuk + 1 − 2 min
1 + φuk +
δdk γ kTx pkTx ≥ 0,

(37)

,u d

d

d∈D

The problem in (34) is convex and can efficiently be solved
using optimization packages like CVX [49,50], which incorporates
interior-point methods.

∀u ∈ U , ∀k ∈ K,

(44)

and
δdk pkTx γ kTx
d

d

,dRx

⎞

⎛
(
)
Rd
+ 1 − 2 min ⎝1 + ψdk +

∑

δdk′ γ k′ Tx
d

d′ ∈D \{d}

6.2. Joint power allocation for all CUs and D2D pairs

pk ⎠ ≥ 0,
,dRx d′ Tx

∀u ∈ U , ∀k ∈ K,

(45)

Suppose the SC assignment for all CUs and D2D pairs are
determined, i.e., ηuk , ∀u ∈ U , k ∈ K and δdk , ∀d ∈ D, k ∈ K are set,
the SOR problem reduces to the following joint power allocation
(JPA) problem,
JPA:

max

[
∑ ∑

k
pk
u ,p Tx k∈K
d

s.t.

∑∑

respectively. Also, the functions ĝ1 (p) and ĝ2 (p) are represented
by their first order Taylor expansions at p(l) in each iteration l.
Thus, the JPA problem is transformed into a DC programming
problem as

]
Rku +

u∈U

∑

Rkd

(38a)

d∈D

ηuk pku ≤ P̄ ,

max
p

(38b)

(

p(l)

)(

p − p(l)

))

(46)

(38c)

s.t.

δdk pkTx γ kTx

(38d)

The gradient of ĝ1 (p) derived with respect to power pi for CU or
D2D transmitter i over SC j is determined as

d

(38b), (38c), (38d), (38f), (38g), (38h), (44), (45).
j

d

d∈D

)

δdk pkTx ≤ Pˆd , ∀d ∈ D,

k∈ K

∑

(

(
( )
( )(
))
+ fˆ2 (p) − ĝ2 p(l) − ∇ ĝ2T p(l) p − p(l)

u∈U k∈K

∑

(

V̂ (p) = fˆ1 (p) − ĝ1 p(l) − ∇ ĝ1T

d

,u

≤ ξ k , ∀u ∈ U , ∀k ∈ K,
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∂ ĝ1 (p)
j

∂ pi

=

βuk (i, j)

∑∑
k∈K u∈U

ln 2(1 + φuk +

∑

k k
k
d∈D δd γdTx ,u pdTx )
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,

to obtain an optimal solution at l = 1 (i.e. p(1) ). Then, p(1) is
used to solve the DC problem to obtain an optimal solution at
iteration l = 2 (i.e. p(2) ), and so on. Thus, it is observed that the
FWPA generates a sequence {p(n) } of improved feasible solutions,
where in the lth iteration, p(l+1) is generated as the optimal
solution of the DC problem. The algorithm terminates when the
absolute difference between the objective value (i.e. V (p) in problem (34) or V̂ (p) in problem (46)) at( iterations
)
(l and
) l + 1 is
less than a tolerance value ϵ (i.e. |V p(l+1) − V p(l) | ≤ ϵ or

∀i ∈ {U ∪ D} , ∀j ∈ K,

(47)
where β
βuk (i, j) =

, j) is defined as

k
u (i

⎧
j
k
k j k
⎪
⎪ηu ηi γBS ,u , if j = k, i ∈ U |{γBS ,i > γBS ,u }, i ̸= u,
⎨
j

(48)

ηuk δi γ kTx , if j = k, i ∈ D,
⎪
i ,u
⎪
⎩
0,
otherwise.

(
)
( )
|V̂ p(l+1) − V̂ p(l) | ≤ ϵ ).

Consequently, ∇ ĝ1 (p) is given by

The convergence and computational complexity properties of
FWPA are presented in Appendices E and F, respectively.

⎤

⎡

∂ ĝ1 (p)
∂ ĝ1 (p) ∂ ĝ1 (p) ⎥
⎢ ∂ ĝ1 (p) ∂ ĝ1 (p)
,...,
,
,...,
,
∇ ĝ1 (p) = ⎣
⎦,
j
∂ pKU
∂ pK Tx
∂ p11
∂ p1Tx
∂ pi
D
d
1

(49)
Algorithm 4: Joint SC and Power Allocation Algorithm (JSPAA)

∀i ∈ {U ∪ D}, ∀j ∈ K.

Step 1: Initialization

On the other hand, the gradient of ĝ2 (p) derived with respect to
j
power pi for CU or D2D transmitter i over SC j is obtained as
∂ ĝ2 (p)
j
∂ pi

=

λkd (i, j)

∑ ∑
k∈K d∈D

ln 2(1 +

ψdk

+

∑

k k
k
d′ ∈D \{d} δd′ γ ′ Tx Rx p ′ Tx )
d
,d
d

,

1: The BS obtains CSI of all CUs and D2D pairs in the network;
2: Set the values of κ, µ, τ and ν ;
Step 2: First Stage: SC Assignment & Power Allocation for CUs
3: Allocate equal transmit power to each CU;
4: The BS constructs the preference lists for CUs and SCs according to (21)
and (23), respectively;
5: Find the initial stable matching solution between CUs
and SCs using IMA (Algorithm 1);
6: Update the power allocation vector for CUs pu via solving
the CPA problem using FWPA (Algorithm 3);
7: repeat
8:
Enable swap operations using SMA (Algorithm 2) to eliminate
swap blocking pairs;
9:
Update the power allocation vector for CUs pu using by solving
the CPA problem using FWPA (Algorithm 3) ;
10: until all swap-blocking pairs are eliminated
Step 3: Second Stage: SC Assignment for D2D pairs & Joint Power
Allocation for CUs and D2D pairs

(50)

∀i ∈ {U ∪ D} , ∀j ∈ K,

where λ
λku (i, j) =

k
u (i

, j) is defined as follows

⎧
k j k
⎪
⎪δd δi γ Tx
⎨
j

i

,dRx

, if j = k, i ∈ D, i ̸= d,

δdk ηi γ k Rx ,
⎪
BS ,d
⎪
⎩
0,

(51)

if j = k, i ∈ U ,
otherwise.

Thus, ∇ ĝ2 (p) is given by
⎤

⎡

∂ ĝ2 (p)
∂ ĝ2 (p) ∂ ĝ2 (p) ⎥
⎢ ∂ ĝ2 (p) ∂ ĝ2 (p)
,
,...,
,...,
,
∇ ĝ2 (p) = ⎣
⎦,
j
∂ pKU
∂ pK Tx
∂ p11
∂ p1Tx
∂ pi
D
d
1

(52)

11: Allocate equal transmit power to each D2D pair;
12: The BS constructs the preference lists (25) and (27) for D2Ds pairs and
SCs, respectively;
13: Find the initial stable matching solution between D2Ds pairs and SCs
using IMA (Algorithm 1);
14: Update the power allocation vector for both CUs and D2D pairs, i.e., pu
and pd , respectively, by solving the PA problem using FWPA
(Algorithm 3), given the assignment binary variables ηuk and δdk ;
15: repeat
16:
Enable swap operations using SMA (Algorithm 2) to eliminate
swap blocking pairs;
17:
Update the power allocation vector for both CUs and D2D pairs, i.e.,
pu and pd ,
respectively, using the FWPA (Algorithm 3);
18: until all swap-blocking pairs are eliminated
Output: SC assignment ηuk , ∀u ∈ U and δdk , ∀d ∈ D, ∀k ∈ K and
power allocation vectors pu and pd for CUs and D2D pairs,
respectively;

∀i ∈ {U ∪ D}, ∀j ∈ K.
Algorithm 3: FW-based Power Allocation Algorithm (FWPA)
Step 1: Initialization
1: Set iteration index l = 0 and error tolerance ϵ ≪ 1;
2: Initialize p(0) ;
3: Calculate objective
value V (p(0)))
(

=(f (p(0) ) − g(p(0) ) or)
(0)
(0)
ˆ
V̂ (p ) = f1 (p ) − ĝ1 (p ) + fˆ2 (p(0) ) − ĝ2 (p(0) ) ;
(0)

Step 2: Power Allocation Phase
4: repeat
5:
Solve the DC programming problem to obtain the optimal solution p∗ ;
6:
7:

Set p(l+1) = p∗ and calculate V (p(l+1) ) or V̂ (p(l+1) );
Increment iteration index, l = l + 1;

8: until |V (p(l+1) ) − V (p(l) )|

≤ϵ

or |V̂ (p(l+1) ) − V̂ (p(l) )|

≤ϵ

Output: popt = p(l+1) .

7. Proposed joint sub-channel and power allocation algorithm
In this section, our joint SC and power allocation algorithm
(JSPAA) is presented, which combines the SC and power allocation
algorithms developed in the previous Sections 5 and 6, respectively. The pseudo-code of the proposed algorithm is given in
Algorithm 4.
In the initialization step, the BS collects CUs’ and D2D pairs’
CSI information, and sets the values of κ , µ, τ and ν . Then, the
BS allocates equal transmit power to all CUs and constructs the
preference lists for all CUs and SCs. This is followed by calling
Algorithm 1 to find the initial matching between CUs and SCs.
Then, the transmit power for all CUs is optimized by solving the
CPA problem using Algorithm 3. After that, swap operations are
executed to eliminate swap-blocking pairs while updating the
transmit power for all CUs after each approved swap operation.
Once all swap-blocking pairs are eliminated, the first stage yields

6.3. Proposed power allocation algorithm
The CPA and JPA power allocation problems have now been
transformed into DC programming problems (34) and (46), respectively, with concave objective functions and linear
constraints [40]. Hence, the problems can be efficiently solved
via any convex programming solver, such as CVX [49,50], and the
optimal solutions can be obtained by utilizing the FW algorithm.
The proposed FW-based power allocation (FWPA) algorithm is
presented in Algorithm 3, which is applied to solve both (34) and
(46) DC programming problems. Starting at a feasible solution
p(0) at iteration l = 0, the DC programming problem8 is solved
8 In this subsection, the term DC programming problem refers to either (34)
and (46).
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Table 2
Parameters of simulation scenario.
Parameter

Value

Number of CUs U
Number of D2D pairs D
Number of SC K
CU Quota of SCs µ
SC Quota of CUs κ [51]
D2D pair Quota of SCs τ
SC Quota of D2D pairs ν
BS Power Budget (W) P̄ [22]
D2D Transmitter Power Budget P̂d [22]
Noise spectral density σ 2
Path Loss Exponent α
D2D Interference Threshold ξ k [43]
CUs minimum rate Rumin

2–52
10, 20, 30
26
1, 2, 3
2
1
1, 2
45 dBm
23 dBm
−50 dBm/Hz
2.5
−70 dBm
4 Bits/s/Hz

D2Ds minimum rate Rdmin
Error tolerance ϵ

1 Bits/s/Hz
10−3

clusters. This is followed by a many-to-one matching algorithm is devised to match two CUs, one from each cluster,
to a SC. Then, D2D pairs are matched to SCs for reuse, while
providing interference protection to CUs. The Arithmetic–
Geometric Mean approach is applied to allocate power to
CUs and D2D pairs sequentially. The K-C-NOMA consists of
four phases; namely, CUs matching, D2D pairs matching,
power allocation to CUs, and power allocation to D2D pairs
are repeated until convergence.
JSPAA (OMA):
This is an OMA-based JSPAA with κ = 1, which allocates
each SC exclusively to a CU at the cellular tier, while
allowing only D2D pairs to reuse the SCs if interference
protection constraints can be satisfied.
Three major observations can be made on the design of K-CNOMA. First, the static clustering of CUs into two clusters limits
the NOMA to a set of CUs in one cluster and their matches in the
other cluster, and enforces OMA on the remaining CUs. Therefore,
additional CUs beyond the number that can be served based on
either NOMA or OMA are not served. Third, the disjoint allocation
of power to CUs and D2D pairs under K-C-NOMA degrades the
algorithm’s performance in exploiting the network capacity.
Fig. 2 shows the average number of allocated channels over
which one or two CUs are multiplexed in the power domain,
as the number of CUs in the network increases from 2 to 52,
while the number of D2D pairs is fixed to 10. The proposed JSPAA
(NOMA) exploits NOMA, and thus admits all 52 CUs by multiplexing two CUs on each sub-channel in the power domain. This
is due to the flexibility offered by the many-to-many matching
in pairing any CU with any other CU, as long as the power and
interference constraints are satisfied. Unlike JSPAA (NOMA), K-CNOMA is restricted to match CUs that belong to different clusters
identified by the K-means algorithm. Particularly, the number of
multiplexed pairs of CUs is limited by the smaller number of CUs
in each of the two clusters, since the algorithm selects one user
from each cluster. Therefore, CUs in a given cluster – that are not
matched to CUs from the other cluster – are either exclusively
assigned a SC or not assigned at all. This can clearly be seen from
Fig. 2b where – on average – at most 28 CUs are assigned SCs,
while the rest of the network CUs are unassigned. The K-C-NOMA
exploitation of NOMA may improve in highly dense networks,
where CUs may be evenly distributed in two clusters. On the
other hand, the JSPAA (OMA) algorithm allocates SCs exclusively
to a single CU, as shown in Fig. 2c; and hence, only 50% of the
CUs (i.e. 26 CUs) are allocated SCs, while the remaining 50%
experience an outage.
In order to gain more insights into the impact of the different
design approaches considered in JSPAA (NOMA) and K-C-NOMA
on the power allocation, one instance of the 52-CUs network
scenario is analyzed. Fig. 3 illustrates the power allocations to
CUs matched on the same SC in Figs. 3a and 3b, and D2D pairs in
Fig. 3c. Results demonstrate the JSPAA (NOMA)’s ability to serve
all 52 CUs on 26 SCs via multiplexing their signals in the power
domain, i.e., NOMA is applied on all SCs. The allocated power
to CUs in Fig. 3a is larger than the allocated power to CUs in
Fig. 3b, because CUs in Fig. 3a experience smaller channel gains
than CUs in Fig. 3b. While serving all CUs, under JSPAA (NOMA),
the D2D pairs reuse SCs but with low transmit power to avoid
excessive interference with CUs transmissions. In this particular
sample, K-C-NOMA classifies CUs into two clusters. Since one of
the clusters consists of 5 CUs, only 10 CUs’ transmissions are
multiplexed in the power domain on 5 SCs, while remaining 21
SCs are exclusively allocated to 21 CUs. Therefore, the remaining
31 CUs experience an outage due to lack of available SCs under

a 2ES matching between CUs and SCs with the updated transmit
power. Subsequently, all D2D pairs are allocated equal transmit
powers and the BS constructs the preference lists for all D2D
pairs and SCs. Then, the Algorithm 1 is called to find the initial
matching between D2Ds pairs and SCs. Then, the transmit power
for all users in the network (i.e. CUs and D2D pairs) is optimized
by solving the JPA problem using Algorithm 3. Thereafter, swap
operations are executed to eliminate swap-blocking pairs while
updating the transmit power for all users after each approved
swap operation. Once all swap-blocking pairs are eliminated,
the JSPAA terminates and outputs a 2ES matching between CUs
and SCs, a 2ES matching between D2D pairs and SCs, and the
optimized transmit power for both CUs and D2D pairs.
8. Performance evaluation
In this section, simulation results are presented to evaluate
the performance of the proposed JSPAA. Consider a single cell
scenario of a NOMA-based cellular tier and underlay D2D communications. The BS is located at the center of the cell; whereas, CUs
and D2D pairs are uniformly distributed in the cell. The distance
between a transmitter and a receiver constituting a D2D pair is
uniformly distributed in the range 2 to 8 m. The cellular cell
is circular with radius 500 meters [22]. The main parameters
of the simulated scenario are given in Table 2. Although κ can
take any value, we set κ = 2 (i.e., two CUs per SC). It has
been demonstrated in [51] that increasing the number of multiplexed users per SC beyond two does not offer much network
performance improvement, while excessively increasing the SIC
complexity. Note that all results are obtained by averaging over
300 realization of random network scenarios with independent
and randomly generated channel conditions.
The performance of the proposed NOMA-based JSPAA algorithm (hereafter JSPAA (NOMA)) is compared against two algorithms:
K-C-NOMA:
The Coordinated-NOMA algorithm developed by Kazmi
et al. in [22], which allocates resources for a network
model similar to the one considered in this work. In the
remaining discussions, Kazmi’s Coordinated-NOMA algorithm is referred to as K-C-NOMA. The algorithm applies
the well-known K-means algorithm to classify CUs into
two clusters, such that each cluster consists of CUs with
indistinguishable channel gains [52]. The channel gains of
CUs in different clusters are distinct, which simplifies SIC if
CUs multiplexed on a given SC are selected from different
12
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Fig. 2. Average number of allocated channels to one or two CUs versus network size; (a) Proposed JSPAA (NOMA), (b) K-C-NOMA, and (C) JSPAA (OMA). Numbers
on top indicate the total number of CUs served, i.e., allocated network resources.

K-C-NOMA. However, this gives D2D pairs operating under K-CNOMA larger transmission power margin, without violating the
interference protection constraint of CUs. Therefore, K-C-NOMA
allocates SCs with single CU for reuse by D2D pairs at their full
transmission power, as shown in Fig. 3c. As shown earlier in Fig. 2,
JSPAA (OMA) allocates SCs exclusively to 26 CUs only, and jointly
optimizes power allocation of allocated CUs and D2D pairs. This
can clearly be observed from Figs. 3a and 3c, where JSPAA (OMA)
allocates full power to CUs on SCs that are not reused by D2D
pairs, and optimizes allocated power to CUs and D2D pairs that
share the same SC. The observations made on Figs. 2 and 3 are
used to support our analysis and discussion of the rest of the
performance evaluation results.
Fig. 4 compares the average sum-rate performance of the three
algorithms in terms of network sum-rate, CUs sum-rate and D2D
pairs sum-rate, where the CUs and D2D pairs sum-rates comprise
the network sum-rate. It can be observed that the proposed JSPAA
(NOMA) outperforms the other algorithms in maximizing the
network sum-rate over all considered network sizes. However,
the CUs and D2D pairs sum-rate performance varies with the
increase in network size U + D (i.e. number of CUs and D2D pairs),
in reference to the number of available network SCs (i.e. K = 26).
The number of D2D pairs considered here is fixed and equivalent
to D = 10. The sum-rate performance results are discussed over
three ranges of the network size:

as discussed earlier in Fig. 2. For small-sized networks, the
increase in CUs sum-rate does not impact the performance
of D2D pairs, since they would be solely scheduled on other
available SCs than the ones occupied by CUs.
• U + D > K & U ≤ K : However, when the network size
increases beyond the number of available SCs, i.e., U +
D > K & U ≤ K , D2D pairs start reusing some of the
SCs occupied by CUs; therefore, the power allocation algorithm allocates less power to the assigned D2D pairs to
avoid violating interference tolerance constraint at the CUs.
This results in a degradation in the underlay D2D sum-rate
performance, as demonstrated by the plots marked with ⋆.
However, note that the degradation is more pronounced
for K-C-NOMA rather than JSPAA (OMA), which is due to
the disjoint power allocation adopted by K-C-NOMA. This
degradation in underlay D2D communications sum-rate also
degrades the network sum-rate of K-C-NOMA to be below
JSPAA (OMA) (marked with ∗). This observation confirms
that joint optimization of power allocation and interference
management are essential for reaping the benefits of D2Denabled NOMA networks. This is also evidenced by the
significant performance gain achieved by JSPAA (NOMA) as
a result of its joint power allocation and matching design
over the range 16 ≤ U ≤ 26.
• U > K : When the number of CUs becomes larger than the
number of available SCs (i.e. U > 26), the sum-rate of JSPAA
(OMA) starts to saturate, because over this range, all 26 SCs
would be occupied by 26 CUs and additional CUs would be
dropped. The slight improvement in sum-rates of CUs is due

• U + D ≤ K : For the range of network sizes U + D ≤ K ,
JSPAA (NOMA) shows a slight improvement in comparison
to the other algorithms because it applies NOMA even for
small-sized networks, while the other algorithms do not,
13
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Fig. 3. Allocated power on SCs to (a) the first CU in a NOMA group, (b) the second CU in a NOMA group, and (c) D2D pair. Results represent sample allocations in
one instance of a network scenario with 52 CUs.

Fig. 4. Sum-rate comparison of all considered algorithms vs. number of CUs in the network — D = 10 and K = 25.

to the increase in network density, which would increase
the chance of CUs with larger channel gains to be assigned.
Unlike JSPAA (OMA), K-C-NOMA is forced to apply NOMA,
since exclusive allocations of SCs is not possible; thereby,
the CUs sum-rate is improved over JSPAA (OMA) (marked

with ∗∗). However, this increase in CUs sum-rate is coupled with an almost equal decrease in D2D pairs sum-rate,
and hence the network sum-rate also starts to saturate, to
maintain interference protection guarantees. Furthermore,
the application of NOMA is limited in K-C-NOMA by the
14
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Fig. 5. JSPAA (NOMA) network sum-rate versus number of CUs in the cellular tier for three quotas of SCs µ = 1, 2, 3 that can be assigned to every CU. Number of
D2D pairs in the D2D underlay communication is fixed to D = 10.

observations that the sum-rate increase at a slower rate when all
SCs become occupied for network sized U + D > K , as a result of
the interference-coupled trade-off between the cellular tier sumrate and underlay D2D communication sum-rate. However, for
the case of D = 30 and ν = 2, the 30 D2D pairs occupy 15
SCs; and thus, the change in slope of sum-rate increase occurs
for cellular network sizes greater than 11. This is marked with a
line labeled U + Dν > K .
It was shown in Fig. 4 that the JSPAA (NOMA) achieves significant gain in network sum-rate, and serves all CUs and D2D
pairs even for network sizes larger than the available number of
SCs (i.e. U + D > K ) by jointly optimizing power allocation at
the cellular tier and underlay D2D communication. A trade-off
between CUs sum-rate and D2D pairs sum-rate was also observed
as result of interference protection to the cellular tier. This tradeoff was not observed for K-C-NOMA and JSPAA (OMA), since they
instead drop CUs and enjoy larger interference margin. Hence,
it is important to investigate the average rate performance and
fairness at the cellular tier and underlay D2D communication.
Fig. 7 shows the average rate achieved by the CUs and D2D
pairs. It can be clearly seen that the JSPAA (NOMA) guarantees
the CUs and D2D pairs minimum rate requirements, which are
Rumin = 4 bps/Hz and Rdmin = 1 bps/Hz, respectively. However,
under K-C-NOMA and JSPAA (OMA), the CUs become unable to
achieve their minimum rate requirements (and hence experience
outages) as the number of CUs exceeds the number of SCs. The
slight improvement of K-C-NOMA over JSPAA (OMA) (marked
by ∗) is gained via application of NOMA to manage access of a
number of CUs, as shown earlier in Fig. 2b. The general downward
trend in CUs average rates is attributed to the decrease in each of
the CUs share of BS power, in response to the increase in network
size. A similar trend is observed in Fig. 7b; however, it becomes
steeper as the network size increases beyond the number of
available SCs (U + D > K ), where the D2D pairs start reusing the
SCs allocated to CUs, but with low transmit power in order not to
interfere with CUs transmissions. However, the average D2D pairs
rates shown for K-C-NOMA and JSPAA (OMA) level off when the
number of CUs become larger than the number of SCs (U > K ).
This is because K-C-NOMA and JSPAA (OMA) start dropping CUs
after this point; and thus, further reduction in D2D pairs transmit
power is not required except for K-C-NOMA instances in which
few additional CUs are multiplexed. This justifies the slight drop
in D2D pairs rate for K-C-NOMA in comparison to JSPAA (OMA),
which is marked by ∗ in Fig. 7b.

K-means clustering results, as discussed earlier. Thus, the
performance of K-C-NOMA does not demonstrate performance gain over JSPAA (OMA), which applies joint power
allocation. Contrarily, JSPAA (NOMA) continues to demonstrate significant performance gain in CUs sum-rate and
network sum-rate over the other algorithms. However, as
the number of NOMA groups occupying SCs increases in
response to the increase in the network size, interference
management constraints restricts the transmit power level
of the D2D pairs. Thus, a remarkable degradation in the underlay D2D pairs sum-rate is observed for JSPAA (NOMA). On
the contrary, K-C-NOMA and JSPAA (OMA) maintain a fixed
underlay sum-rate. The K-C-NOMA and JSPAA (OMA) do not
serve all network CUs as was shown earlier in Fig. 2, which
gives them a larger interference margin, and thus allowing
them to maintain the underlay D2D pairs sum-rate. The
number of CUs that can be served by the proposed JSPAA
(NOMA) is bounded by the network capacity (i.e. K × κ ).
Under JSPAA (NOMA), some CUs are expected to experience
an outage for cellular tier sizes larger than 52. Thus, the JSPAA (NOMA) network sum-rate would saturate for number
of CUs larger than 52. However, a slight increase in network
sum-rate is expected, as the number of CUs increases due to
increase in network density, which increases the chance of
some CUs among the 52 to be located closer to the BS and
thus, experience high channel gains.
In the aforementioned results, the number of SCs that can be
accessed by a CU is limited to one SC (i.e. µ = 1). However, in
Fig. 5 the network sum-rate achieved by JSPAA (NOMA) for various values of quotas µ is illustrated. Because K-C-NOMA matches
CUs to SCs based on one-to-many matching,9 considering larger
values of µ for this algorithm is not possible. Conversely, JSPAA (NOMA) unlocks user access to multiple SCs via many-tomany matching. It is clear that the JSPAA exploits larger network
capacity for larger CUs’ quota of SCs (i.e. µ = 1, 2, 3).
Fig. 6 shows an increase in the network sum-rate in response
to the increase in the number of D2D pairs, where two different
quotas of the number of D2D pairs that can reuse a given SC are
considered, namely ν = 1 and ν = 2. Results confirm our earlier
9 In one-to-many matching on two disjoint sets, one agent from one of the
sets may be matched to more than one agent in the other set.
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Fig. 6. Network sum-rate comparison of JSPAA (NOMA) for D = 10, 20, 30.

Fig. 7. Average achieved rate by (a) CUs and (b) D2D pairs.

Fig. 8 illustrates the achieved rate fairness performance of the
three algorithms at the cellular tier and underlay D2D communication, where Jain’s fairness index (JFI) is adopted as a measure
of fairness in resource allocation [53]. A large value of JFI represents fair rate allocation and vice versa. The K-C-NOMA and
JSPAA (OMA) demonstrate better fairness performance than JSPAA (NOMA) for network sizes less than the number of available
SCs (i.e. U + D ≤ K ). For this range of network size, K-C-NOMA
and JSPAA (OMA) allocate SCs exclusively to CUs and D2D pairs,
as shown earlier in Figs. 2b and c. The exclusive allocation of
SCs alleviates the interference-related constraints, and allows the
CUs and D2D pairs to transmit at their full power for rate maximization. Unlike K-C-NOMA and JSPAA (OMA), JSPAA (NOMA)
applies NOMA even for a small number of CUs; thus, some CUs
share SCs and others do not, which results in a difference among

their achieved rates (i.e. relatively low JFI). These differences
continue to increase as more CUs are added to the network, which
results in further decrease in JFI. However, as the number of CUs
approach full utilization of network sub-channels (i.e. τ × K =
2 × 26 = 52), the JFI for JSPAA (NOMA) levels off (marked with
∗), and starts increasing as most CUs would be sharing SCs, and
their rates would be comparable. The JSPAA (NOMA) generally
demonstrates fair allocation of resources as indicated by a JFI
greater than 0.85 over all ranges of network size, while K-CNOMA and JSPAA (OMA) demonstrate rather unfair allocation
when number of CUs exceeds that of the SCs (i.e. U > K ). This is
attributed to the outage experienced by CUs that are not allocated
any SCs over this range of network size. The small difference
between K-C-NOMA and JSPAA (OMA) is due to the small number
of CUs served via NOMA under K-C-NOMA. While all algorithms
16
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Fig. 8. Fairness performance comparison for CUs and D2D pairs.

show similar JFI for the underlay D2D communication, JSPAA
(NOMA) performance degrades for U > K (marked by ∗∗), since
the number of CUs served by JSPAA (NOMA) is approximately
double those served by K-C-NOMA over this range (see Fig. 2),
which tightens the D2D pairs power allocation feasibility region.
Therefore, it becomes challenging to allocate fair resources, while
simultaneously maximizing the network sum-rate.
Fig. 9 illustrates the convergence behavior of the proposed
JSPA (NOMA) algorithm versus the number of iterations for three
sizes of the cellular tier, U = 10, 26, 52. These sizes represent
the beginning, mid-range, and end of the range of the number
of CUs considered in all our evaluations. For the case of 10
CUs, there are enough resources to accommodate all CUs and
D2D pairs; thus CUs to SCs matching takes only one iteration,
followed by CU power allocation, then D2D pairs to SC matching,
and then the algorithm converges in joint power allocation. The
algorithm goes through similar phases for the case of 26 CUs, in
which the number of CUs matches the number of available SCs.
However, in this case, it is observed that CUs to SCs matching
requires more iterations but is still limited to 2 iterations. Also, a
slight decrease in network sum-rate is observed at the beginning
of the power allocation phase (marked with ∗) after the CUsto-SC and D2D pairs-to-SCs matching phases. This is expected
because the minimum rate constraints are satisfied in the power
allocation phases under limited BS total power availability and
interference protection constraints. The satisfaction of the minimum rate constraints entails a decrease of some CUs or D2D
pairs allocated power (and hence achieved rate) to allow an
increase of other CUs or D2D pairs allocated power (and achieved
rate) in order to satisfy their minimum rate requirements, which
slightly decreases the network sum-rate. The drop in rate was
not observed for the case of small cellular tier size (i.e. 10 CUs),
which is due to the availability of sufficient BS power to support
all network users and availability of sufficient number of SCs
to serve them orthogonally. As expected, the number of swaps
increases in response to the increase in network density, where
closely located CUs may be able to exchange their SC allocations.
Also, by comparing the number of iterations required for D2D
pairs-to-SC matching over the three network sizes, a decrease
in the number of D2D pairs-to-SC matching is observed. This is
because for networks with a larger number of CUs, all SCs would
be already occupied by CUs; and therefore, they are comparable
in terms of being preferred by the D2D pairs.
In Fig. 10, the average number of iterations required by the
three algorithms to converge is compared. Furthermore, the number of served CUs versus the number of CUs in the network is

compared, while the number of D2D pairs is fixed to 10. Over
the range of network sizes (i.e. U + D ≤ K ), sufficient number
of SCs is available to exclusively serve all cellular and D2D pairs.
It can be seen that JSPAA (OMA) ranks first, JSPAA (NOMA) ranks
second, and K-C-NOMA ranks third. The JSPAA (OMA) allocates a
SC to each CU and each D2D pair, and therefore converges in the
least number of iterations. An increase in the number of iterations
is required by JSPAA (NOMA) as it tries to apply NOMA even
for small-sized networks, as shown earlier in Fig. 2. However,
K-C-NOMA goes through multiple stages of clustering and oneto-many matchings, followed by disjoint power allocation, which
requires more iterations than the many-to-many matching and
joint power allocation algorithms in JSPAA (NOMA) and JSPAA
(OMA). When the network size exceeds the number of available
SCs (i.e. U + D > K ), all algorithms continue to serve all CUs
and D2D pairs, and the number of iterations increases with the
increase in the number of CUs, except for K-C-NOMA. This is
attributed to the disjoint matching and disjoint power allocation
performed by K-C-NOMA. Particularly, K-C-NOMA allocates a SC
to each CU, then allocates that partially occupied SCs to D2D
pairs. In turn, as the number of CUs increases, more SCs become
occupied by CUs, resulting in less competition among D2D pairs.
For the range of network size over which U > K , the number of
available SCs is not sufficient for exclusive allocation; and thus,
CUs compete for SCs, which increases the number of iterations required for convergence. In general, JSPAA (NOMA) demonstrates
superiority over the other algorithms, not only in computational
complexity but also in serving all network devices. The JSPAA
(OMA) serves only K CUs despite the size of the network; and
thus, the number of iterations saturates for all cellular network
sizes greater than K . K-C-NOMA allocates additional users via
NOMA, which results in serving on average 28 CUs for all cellular
network sizes U greater than K . Hence, the number of iterations
starts to saturate at the beginning of this range of U. More
importantly, JSPAA (NOMA) maintains a relatively small number
of iterations that increases linearly with number of CUs; however,
it increases at a higher rate for large number of CUs (e.g. U > 44),
which is due to the increase in number of swaps.
8.1. Effect of imperfect SIC
Due to hardware impairments, imperfect SIC may occur in
NOMA networks, which appears as residual inter-cluster interference in the SINR expressions. For example, the expression in
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Fig. 9. Network sum-rate convergence over stages of JSPAA in networks with (a) 10 CUs, (b) 26 CUs, and (c) 52 CUs. The number of D2D pairs is D = 10.

Fig. 10. Convergence performance comparison of the three algorithms versus number of CUs. Network access versus number of CUs is also shown as it affects the
algorithms convergence performance.

(8) becomes
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In Fig. 11, we compare the network sum-rate of the proposed
JSPAA (NOMA) against the network sum-rate of K-C-NOMA for
three values of ω, where ω = 0 implies perfect SIC. It can be
observed that the higher the value of ω the lower the network
sum-rate. However, the impact of imperfect SIC on the performance of JSPAA (NOMA) is more significant than its impact on
the performance of K-C-NOMA. This is due to the larger number of NOMA transmissions under JSPAA (NOMA), where SIC is
applied more frequently than under K-C-NOMA. It was shown
in Fig. 2 that for a network of 52 CUs, K-C-NOMA admits only
2 NOMA CUs; whereas, the remaining 26 are admitted as OMA
CUs. However, JSPAA (NOMA) admits 50 additional NOMA CUs.
This also explains the larger decrease in the network sum-rate
for networks with larger number of NOMA CUs, which implies a

(53)

where Ψuk is expressed as
k
Ψuk = ω · γBS
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Here, ω is a fractional error factor that falls in the range 0 ≤
ω ≤ 1, and models the residual interference resulting from
imperfect SIC [54]. The larger the value of ω, the larger the impact
of imperfect decoding on signals of UEs with weaker channel
conditions, and vice versa.
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Fig. 11. Average network sum-rate versus CUs for ω = 0, 0.01, and 0.1.

Fig. 12. Average network sum-rate versus CUs for ε = 0, 0.25, and 0.5.

larger number of SIC processes. Nevertheless, JSPAA (NOMA) is
still significantly superior to K-C-NOMA.

mismatch between optimized power allocation and estimated
CSIs. However, the impact of imperfect CSI on the performance
of JSPAA (NOMA) is more pronounced because the number of
admitted CUs by JSPAA (NOMA) is much larger than the number
of admitted CUs by K-C-NOMA; hence, the effect of imperfect
CSI contributing to the computation of the network sum-rate is
much larger. In spite of that, JSPAA (NOMA) still outperforms
K-C-NOMA.

8.2. Effect of imperfect CSI
To study the impact of imperfect CSI on the network sum-rate,
let the channel coefficients on SC k between any transmitter a
and any receiver b be modeled as h̃ka,b = h̄ka,b + hkerr , which is
assumed to be a circularly symmetric complex Gaussian random
variable, as h̃ka,b ∼ CN (0, σ̃a2,b ). Furthermore, h̄ka,b ∼ CN (0, σ̄a2,b )
2
is the estimated channel coefficient, and hkerr ∼ CN (0, σerr
) is the
CSI estimation error. Therefore, the relative CSI estimation error is
σ2
given by ε = 2 err 2 . For the case of perfect CSI, ε = 0; however,

9. Conclusions
In this paper, the problem of sub-channel and power allocation
in D2D-enabled NOMA cellular networks has been studied. In
order to maximize the network sum-rate while guaranteeing
the minimum rate requirements of both cellular users and D2D
pairs, a holistic model of the resource allocation problem is first
developed, which is followed by the algorithmic design of a
two-stage joint SC and power allocation solution. The problem
formulation handles SC and power allocation, while respecting
resources availability, minimum rate requirements, interference
management, receivers complexity, and rate fairness. The proposed solution decouples the problem into SC allocation and

σ̄a,b +σerr

for the case of imperfect CSI, 0 < ε ≤ 1.
Fig. 12 illustrates the network sum-rate versus the number
of CUs in the network for JSPAA (NOMA) and K-C-NOMA when
channels estimation errors are considered. Three values of relative CSI estimation error are studied; ε = 0 represents the case
of perfect CSI; whereas, ε = 0.25, and 0.5 represent cases of
imperfect CSI. Intuitively, the larger the ε , the worse the network
sum-rate for JSPAA (NOMA) and K-C-NOMA due to the increased
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Appendix C

power allocation subproblem. The SC allocation to CUs and D2D
pairs is modeled as a two stage many-to-many matching game
that generates a stable solution, while handling interferenceimposed externalities. Over both stages, the power allocation
problem is tackled by DC programming, which is iteratively optimized via the Frank–Wolfe algorithm. Simulations have revealed
that the proposed algorithm efficiently allocates SCs and power to
CUs and D2D pairs, such that the network sum-rate is maximized,
while satisfying minimum rate requirements. Furthermore, it has
been shown that the proposed algorithm could holistically allocate multiple CUs over each SC, and also assign multiple SCs to
CUs, while effectively accommodating underlay D2D communications and managing D2D interference. More importantly, our
performance evaluations have shown that the proposed solution
not only outperforms existing solutions in terms of spectral efficiency, network connectivity, fairness, and complexity, but is also
in its ability to exploit an additional margin of network capacity
by unlocking the number SCs accessible by each CU. Light has
also been shed on the impact of imperfect SIC and CSI, where the
proposed scheme has been shown to be resilient against SIC and
CSI errors.
In future work, the considered single-cell network scenario
can be extended to multiple cells. This gives cell-edge D2D pairs
the opportunity to reuse a possibly less occupied spectrum that
may be available in neighboring cells than the spectrum in the
serving cell. The opportunistic access to neighboring cells spectrum may help alleviate the interference introduced by the underlay D2D communication to CUs dense cellular tiers.

Lemma 3. The proposed SMA generates a two-sided exchange stable
(2ES) matching M∗ .
Proof. Based on Definition 4, the proposed SMA generates a
2ES matching M∗ by eliminating all swap-blocking pairs. Assume that the generated matching M∗ contains a swap-blocking
pair (u, u′ ) as defined in Definition 3. However, in reference
to SMA presented in Algorithm 2, it terminates only when no
more swap-blocking pairs are found, i.e., all swap-blocking pairs
have been eliminated. This contradicts the assumption that M∗
contains a swap-blocking pair (u, u′ ). Accordingly, the proposed
SMA generates a 2ES matching M∗ . □
Appendix D

Lemma 4. The proposed SMA converges to a 2ES matching M∗ in a
finite number of iterations.
Proof. The convergence of SMA is mainly associated with the
swap matching process (Step 2). Based on Definition 3, the utilities of (i) all players participating in a swap and (ii) all other
players affected by the swap – but not participating in it – shall
not decrease after the swap, i.e., Ui (Muk
) ≥ Ui (M). In addition,
u′ k′
for the swap to be approved, there must exist at lest one player
whose utility has strictly increased after the swap operation,
) > Ui (M). Therefore, the total network sum-rate
i.e., Ui (Muk
u′ k′
increases after each swap operation (i.e. Utotal (Muk
) − Utotal (M) >
u′ k′
0). Note that the number of potential swap-blocking pairs is finite
due to the finite number of players, i.e., CUs and SCs, and thus,
the number of swap operations is also finite. Furthermore, the
network sum-rate has an upper bound due to limited spectrum
resources and BS power. Therefore, there is will not be an approved swap operation – after all exhausting all swap-blocking
pairs – that could further improve the network sum-rate. Subsequently, SMA converges to a 2ES matching in a finite number of
iterations. □
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Appendix E
Lemma 1. The proposed IMA converges to an initial matching M in
a finite number of iterations.
Proposition 1. FWPA terminates in a finite number of iterations I
when solving problem (34), and Î when solving problem (46).

Proof. In each iteration, an unmatched CU u ∈ Z proposes to its
most preferred SC k ∈ P(u) that has never rejected it before. Thus,
as the number of iterations increases, the set of choices available
to CU u in its preference list P(u) becomes smaller. Since the
available spectrum is divided into K SCs, the size of the preference
list of each CU is at most K . In addition, the preference lists are
incomplete, and thus their size is limited. Hence, IMA converges
to an initial matching M in a finite number of iterations. □

Proof. Without loss of generality, the discussion here is based on
problem (34) and the results herein apply to problem (46). As
mentioned in( Section
6.1, function g(p) is concave. Therefore, its
)
gradient ∇ g p(l) is a super-gradient [40,46], and the following
condition holds
g p(l) + ∇ g T p(l) (p − p(l) ) ≥ g(p).

(
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( )
p(l) ) ≥ f p(l) − g p(l) . In other words, the latter condition
states that the next solution p(l+1) at iteration l + 1 is always
better than the previous solution p(l) at iteration l. Consequently,
it follows that, the objective function V (p) always improves after
each iteration. According to Cauchy theorem, as the constraint
{ }
set of problem (34) is compact, the sequence of generated p(l)
always converges [40]. Hence, FWPA terminates in a finite number of iterations I when solving problem (34) and Î when solving
problem (46). □

Lemma 2. The computational complexity of IMA is upper bounded
by O(UK 2 ).
Proof. The complexity of IMA depends on both the preference
lists construction phase (Step 1) and the matching process (Step
2) in Algorithm 1. During the preference construction phase, each
CU constructs its ranked preference list over K SCs, which is
O(UK 2 ). On the other hand, in the matching process, each CU
proposes at most K times, and that is O(UK ). Therefore, the overall
complexity of IMA is upper-bounded by O(UK 2 ) [43,55]. □
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Proposition 2. The computational complexity of FWPA
( is upper)
bounded by O(IKU 3 ) when solving problem (34), and O ÎK (U + D)3
when solving problem (46).
Proof. The computational complexity of Algorithm 3 depends on
both the complexity of solving the DC programming problem
and the number of iterations until convergence. For a singlecell network with U CUs and a single wideband channel, the
computational complexity of solving problem (34) is O(U 3 ) [40].
Thus, for a network where the allocated spectrum is divided
into K SCs, the complexity of solving problem (34) is O(KU 3 ).
On the other hand, when D D2D pairs also exist in the network,
complexity of solving problem (46) is
( the computational
)
O K (U + D)3 . As a result, the total computational complexity of
3
FWPA
( for solving
) problem (34) and problem (46) is O(IKU ) and
O ÎK (U + D)3 , respectively.
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