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Abstract—Device-to-device (D2D) communication can signifi-
cantly improve network coverage and spectral efficiency. Mean-
while, non-orthogonal multiple access (NOMA) has recently
been integrated with D2D communication to further improve
connection density and satisfy explosive data rate requirements
of end users. Considering quality of experience (QoE) has become
an important indicator from the user perspective, in this paper,
we study the QoE-driven resource allocation problem in a device-
to-device (D2D) underlaying NOMA cellular network coexisting
with D2D pairs and NOMA-based cellular users (CUs). Our
target is to maximize the sum mean opinion scores (MOSs) of all
users while guaranteeing the minimum QoE requirement of each
CU and D2D pair, by jointly optimizing subchannel assignment
and power allocation at CUs and D2D pairs. Since this problem
is mixed-integer and non-convex, we first transform it into an
equivalent yet more tractable form. Then, a two-stage iterative
algorithm based on the alternating optimization framework and
constrained concave-convex procedure technique is proposed to
optimize subchannel assignment and power allocation alternately.
Simulation results show that the proposed scheme outperforms
the orthogonal multiple access solution and three NOMA based
benchmark schemes in terms of QoE performance.

Index Terms—QoE, D2D, NOMA, subchannel assignment,
power allocation.

I. INTRODUCTION

Device-to-device (D2D) communication has been regarded
as an appealing solution to cope with explore traffic data
demands and provide better user experience [1]. Particularly,
the D2D underlaying cellular network has become a promis-
ing network architecture and has received significant atten-
tion recently. Different from the traditional cellular network,
D2D underlaying cellular network allows adjacent users to
communicate directly without the aid of base station (BS).
Meanwhile, it also allows D2D users to reuse the frequency
occupied by cellular users, which leads to spectral efficiency
enhancement. In order to further improve spectral efficiency
and accommodate massive connectivity of end users, non-
orthogonal multiple access (NOMA) [2], [3], which allows
multiple user signals coexisting in power domain or code
domain, has been integrated with the D2D communication
recently [4]-[7]. Compared with the conventional orthogonal

multiple access (OMA) counterparts, NOMA allows more
than one user to share the same time-frequency resource
by applying superposition coding (SC) at transmitter and
successive interference cancellation (SIC) at receiver. As a
result, both spectrum efficiency and connection density can
be greatly improved. Hence, making use of NOMA to serve
users in the D2D underlaying cellular networks could be
more attractive compared to adopting multiple sets of channels
owing to constrained time-frequency resource.

While several recent works have been conducted on D2D
underlaying NOMA cellular network to improve the system
performance from different perspectives, such as network
throughput [4]-[6], energy efficiency [7], etc, the aforemen-
tioned works in [4]-[7] mainly focus on optimizing the
network’s quality of service (QoS) metrics rather than the
perceived quality from the user perspective. Motivated by the
demands of high-quality video applications, Quality of Expe-
rience (QoE) has become one of the essential criteria of future
wireless network. QoE is the end user’s subjective assessment
for multimedia services. In order to provide personalized and
customized services for CUs and D2D users (DUs) according
to their preferences in D2D underlaying NOMA cellular
network, it is necessary for service and network operators to
provide a high QoE for each service user through efficient
resource allocation in the resource-limited wireless network.

To the best of our knowledge, the QoE-driven power and
subchannel allocation has not been well investigated for D2D
underlaying NOMA cellular network. Therefore, in this paper,
we study the QoE-driven power and subchannel allocation to
maximize the sum mean opinion scores (MOSs) of all users
in D2D underlaying NOMA cellular network, while taking
into account the minimum QOoE constraint of each CU and
DU. The considered resource allocation problem is mixed-
integer and non-convex. For tractability purpose, a series of
transformations are employed to convert the problem into a
solvable and tractable one. Furthermore, an iterative two-stage
optimization algorithm is proposed to address the converted
optimization problem by leveraging alternating optimization
(AO) framework and constrained concave-convex procedure



(CCCP) technique. Numerical results reveal that the proposed
schemes can achieve significant enhancement of QoE perfor-
mance compared to the benchmark solutions.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

As shown in Fig. 1, we consider a D2D-enabled downlink
single cell NOMA network consisting of one base station
(BS), C cellular users (CUs) and D underlaid D2D pairs.
The indices for CUs and D2D pairs are represented as
C={12,---,C}and D ={1,2,---, D}, respectively. The BS
transmits its signals to C CUs through N subchannels (SCs),
ie., N = {1,2,---,N}, and each SC occupies a bandwidth
of B, = W/N, where W denotes the system bandwidth. By
means of the power domain NOMA, we consider multiple
CUs can be served at different power level over the same SC
via performing superposition coding at the BS and successive
interference cancellation (SIC) at the CUs. As such, the
superposition symbol transmitted by the BS to CU ¢ on SC n
can be expressed by

xu= Y vl ()
ceC
where x/ and p” are transmit signal and transmit power from
the BS to CU c on SC n. v is the SC assignment indicator for
CU c, namely, if SC n is assigned to CU c, v} = I; otherwise,
v¢ = 0. Furthermore, the received signal of CU ¢ on SC n can
be given by
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where h¢ and g7 . are channel gains from the BS to CU ¢ on
SC n and that from the transmitter of D2D pair d to CU ¢ on
SC n, respectively. x; and g}, is transmit signal and transmit
power of the transmitter of D2D pair d on SC n. u; is SC
assignment indicator for D2D pair d, i.e., if SC n is assigned
to D2D pair d, "‘Z = 1; otherwise, ”Z = 0. z is noise term
following the distribution CAN(0, 62).

According to NOMA policy, for a given SC n, CU i can
successfully decode and remove the interference signal from
CU j (|h7| < |n}|), if CU i’s received SINR for CU j’s signal
is larger than or equal to the received SINR of CU j for its own
signal [8]. Hence, we can obtain the following SIC decoding
conditions:
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Fig. 1. The illustration of D2D underlaying NOMA cellular network.
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Therefore, the received signal-to-interference-plus-noise ratio
(SINR) for CU u to decode its own signal is expressed by
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Note that in our considered scenario, allowing multiple
D2D pairs to reuse the same SC may improve spectrum
efficiency. However, it brings heavy signaling overhead and
high computational complexity [4]. Hence, we assume one
SC can be assigned to at most one D2D pair, namely,

Zugsl,VnEN. (6)
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Then, the SINR at receiver of D2D pair d over SC n can
be given by
R
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where |g3|2 and |hg, d|2 are channel gains between the trans-
mitter and the receiver of D2D pair d on SC n and that from
the BS to the receiver of D2D pair d on SC n.

According to (5) and (7), the data rate of CU ¢ and D2D
pair d on SC n can be given by R” = B,log, (1 +7") and
R, = By log, (1 + 73), respectively. Thus, the overall date rate
of CU ¢ and D2D pair d can be expressed as

R, = Z R'\VceC. (8)
neN
and
Ry = Z R'.¥d € D. 9)
neN
respectively.



B. QoFE Evaluation Model for Web Browsing

In this paper, we use a widely adopted QoE assessment
criterion named mean opinion score (MOS) to measure the
perceived quality of end user experiencing real-time or inter-
active services. Through the MOS model, the subjective user
perception for the services can be mapped to objective metrics.
As one of the most popular services of wireless networks [9],
this work focuses on web browsing service. The MOS model
of the service can be given by [10]

MOS = -DIn(d (R)) + F, (10)
where MOS,, ., value reflects the user QoE from a scale of
1 (bad) to 5 (excellent). R[bit/s] represents the data rate.
The constants D and F are set to be 1.1120 and 4.6746,
respectively. These two parameters are designed based on the
experimental analysis of web browsing. d (R) represents the
delay between the request for a web page and the reception of
overall contents. d (R) is related to the parameters including
the round trip time, the web page size, and the employed
protocols like Transfer Control Protocol and Hypertext Trans-
fer Protocol. We apply these two protocols in our considered
system. Thus, function d (R) can be given by [9]

F M
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where the parameters RTT [s] , MSS [bit] and F'S [bit] repre-
sent the round trip time, the maximum segment size and the
web page size, respectively. L = min[L}, L;] is the parameter
for the packet-switching cycle from user to server in the
process of downloading web pages [9]), where the parameters
Ly and L, are given by

R-RTT

Ly =log, (—MSS

FS
+l)—l, Lzzlogz(m‘i‘l)—l.
(12)

Note that the MOS of web browsing application has a
strong sensitivity with data rate and F'S, while the impact of
RTT on MOS is less important especially when RTT is short
range [10]. Meanwhile, as mentioned in the 3GPP technical
specification of the LTE release 8, the RTT which is lower than
10 ms is expected to be achieved in future wireless networks
[11]. Thus, we consider RTT ~ 0 ms [10] in this work and
thus (11) can be reformulated as d(Ryep) = (FS/Ryepb). Then,
the MOS model of web browsing at the cellular user CU ¢
and D2D pair d can be given by MOScy, = DIn(R;) + C,
and MOSpop, = DIn(Ry) + Cy4, respectively, where C. =
F—-DIn(FS;) and C; = F — DIn(FS;) are two constants.

C. Problem Formulation

In this work, our target is to maximize the sum MOSs of all
users while ensuring the minimum QoE requirement of each
cellular user and D2D user. This can be achieved by jointly
optimizing SC assignment and power allocation for each CU

¢ € C and D2D pair d € D. The considered QoE-driven
resource allocation problem is formulated by

max ) MOScy, + ». MOSpap, (13a)
{véupPeai} £2C deD
S.t. MOSCUC > MOSCUC’m,'n,VC €C, (13b)
MOSp2p, = MOSpap ,,min,Vd € D, (13c¢)
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where (13b) and (13c) are the minimum MOS limitation
for each CU and D2D pair to ensure the minimum user
satisfaction; (13d) demonstrates the transmission power of the
BS and the transmitter of each D2D pair should be positive;
(13e) is the transmission power limitation of the BS and the
transmitter of each D2D pair; (13f) and (13g) characterize
at most two CUs can be multiplexed on each SC to reduce
the decoding complexity at NOMA receiver; (13h) and (13i)
mean that one SC can only be allocated to at most one D2D
pair to reduce co-channel interference and signaling overhead;
(13j) guarantees successful SIC at NOMA receiver. Note that
(13) is a mixed-integer and non-convex problem, because i)
the objective function (13a) and the constraints in (13b) and
(13c¢) are non-convex, and ii) the constraints in (13f) and (13h)
are discrete binary constraints. To tackle (13), we propose an
efficient iteration approach, which will be discussed in detail
in Section III.

III. SOLTIONS TO THE JOINT OPTIMIZATION PROBLEM

A. Problem Transformation

Since the problem (13) is non-convex and intractable, we
need to transform the original optimization problem into a
more tractable and solvable form. We first handle the non-
convex objective function (13a). By introducing auxiliary
variables {n.} and {n4}, (13) can be reformulated as

max Z DlIn(n.) + Z DlIn(ny) + ¢ (14a)
< ceC deD
s.t. Z R'>n.VeeC (14b)
neN
Z R, > nq,¥d € D, (14c)
neN
(13b) — (13)). (14d)

where Z = {v?,uZ,PZ‘,qZ,Uc,Ud}, U= 25:1 Ce + 23:1 Ca.



Moreover, the constraints in (13b) and (13c¢) can be con-
verted into the following form

MOScy. min — Ce
Z R > exp(——eM ~ 7€) ye e © (15)
D
neN
MOS n —C.
D7 RS > exp( DZD]")"’”” DvdeD, (16)
neN

Besides, we notice that the discrete binary constraints in
(13f) and (13h) are difficult to tackle. Thus, we rewrite (13f)
and (13h) into the equivalent forms:

ZZV —(W<0; 0V <1¥eeCVneN, (17)
c=1 n=1
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Now, the binary variables v{' and u; are transformed into
continuous variables. By employing penalty method [12], the

problem (14) can be further reformulated as

max Z DIn(n.) + Z DlIn(ng) + 9 - Ag(ve,uly)
d=1

(19a)

s.t.OSv <1VceCVneN; 0<u);<1,Vd e D,VneN,
(19b)

(13d) — (13e),(13g), (13i),(13j),(14b) — (14¢),(15) — (16),
(19¢)

where ¢(v,u) = LC ! (v”)2+2d | uly (ud)2

A is penalty factor. When /l is sufficiently large 1e > 1,
problem (19) is equivalent to problem (14) [12]. Note that
(19) is still a non-convex optimization problem due to the
non-convex constraints in (14b)-(14¢) and (15)-(16). Next, we
propose an efficient two-stage method to optimize subchannel
assignment and power allocation separately and alternatively,
namely, optimize one while keeping the other fixed, which
leads to feasible resource allocation solutions. By decom-
posing (19) into two subchannel assignment subproblem and
power allocation subproblem, the two optimization problems
are sequentially carried out, which will be discussed in detail
in Subsection III-B and Subsection III-C.

B. Subchannel Assignment optimization

In this subsection, we focus on addressing subchannel
allocation subproblem. With given P¢ and g/}, the subchannel
allocation subproblem can be formulated as

Z\{n;fiqu Z DlIn(n.) + Z DlIn(ng) + 9 - Ag(ve,uly)
(20a)
s.t. (13b) — (13¢),(13g), (13i),(13/),(14b) — (14c),
(15) = (16),(19b). (20b)

One can see that (20) is a non-convex optimization problem,
because (14b)-(14c) and (15)-(16) are non-convex. For (14b)
and (15), we observe that R!! in the left-hand-side (LHS) of the

two constraints can be equivalently rewritten into a difference
of two concave functions, namely,

R! =R.-R! @1

where EZ = B,log, (|h2’|2v£’pc +IT voma Y lipap 62)
and ﬁ;‘ = B, log, (I:-l,NOMA + I ‘pop 52).

Furthermore, we can employ the constrained concave-
convex procedure (CCCP) method to handle the non-convex
constraints in (14b) and (15). The main idea of CCCP method
is to iteratively approximate the second term of Rp in (21),
i.e., R}, as a linear function by using the first-order Taylor
approximation. Specifically, by defining v¢"" and u);” as the
given local point at the rth iteration, the concave function ﬁ?
can be upper-bounded by its first-order Taylor expansion [13].
Therefore, we can obtain the following relations
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Similarly, the non-convex constraints in (14c) and (16) can
also be transformed into the following convex forms

D Ry= D R 2 eV € D, (25)
neN neN
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Finally, based on the transformations in (23)-(26), (20) is
converted into the following convex optimization problem

Z\{n;%qu} Z DlIn(n.) + Z DlIn(ng) + 9 - As(ve,uly)
(27a)
s.t. (13g),(13i),(135),(19b),(23) — (26), (27b)



which can be effectively addressed via advanced convex solver
CVX [13].

C. Power Allocation optimization

Once the optimal subchannel assignment solutions v;' and
u); are obtained for problem (27), we deal with the power
allocation subproblem, which can be formulated as

c D
max Z DlIn(n.) + Z DlIn(ng) + 9 - Ag(ve,uly) (28a)
Z\vewg} oo d=1

s.t. (13b) — (13e),(13)), (14b) — (14¢),(15) — (16).  (28b)

Since (14b)-(14c) and (15)-(16) are non-convex, problem
(28) is a non-convex optimization problem. Let us first tackle
(14b) and (15). By leveraging (21), R? in the LHS of (14b)
and (15) can be equivalently rewritten into a difference of
two concave functions, namely, R} = ﬁ? — R”. Furthermore,
by adopting CCCP method, Eg can be upper-bounded by its
first-order Taylor expansion [13]. Specifically, with a given
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One can observe that 1?;’ *“P in (29) is a linear function w.r.t.

p} and ¢”. Thus, by replacing R with R.""", (14b) and (15)
can be converted to the following convex forms
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neN neN
— ~ MOS -.min — Cc
DIRI- DT RM > exp(— )\Ve € C.
D
neN neN
(31

Similarly, the non-convex constraints in (14c) and (16) can
be transformed into the following convex forms
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neN neN
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Finally, with the given local point p/*" and q;", and the
corresponding convex upper bound functions R.“” and R "7,

(28) is reformulated into the following convex optimation
problem

C D
max DIn(n.)+ ) DIn(ng) + 9 — Ag(vy,uy) (34a)
Z\({veui} 3 d=1

s.t. (13b) — (13e),(13/),(30) — (33), (34b)

which can be effectively solved via advanced convex solver
CVX [13].

IV. SIMULATION RESULTS

In this section, the performance of the proposed QoE-
driven resource allocation scheme in D2D underlaying NOMA
cellular network is verified through extensive numerical sim-
ulations. The coverage radius the cell is 500 m and the BS
is located in the center. The pathloss is model by 148.1
+ 37.6log,o(R) dB [7], where R [km] denotes the distance.
Small-scale fading of channels are modeled as Rayleigh fad-
ing. AWGN spectral density is —174 dBm/Hz. The parameter
MSS for web browsing is 1460 bytes [10]. The SC number
is N = 10. The bandwidth of each SC is B, = 75 kHz. The
number of CUs and D2D pairs are C = 10 and D = 10, re-
spectively, and the user satisfaction threshold is MOS,,,;,, = 1,
unless otherwise specified. Besides, we assume all users access
the web pages with same web page size F'S=320 KB [10].

For performance evaluation, the following benchmarks are
employed in the simulations: (i) ‘CSA + EPA: NOMA™:
The transmit power from the BS and D2D transmitters is
equally allocated to CUs and corresponding D2D receivers,
and then CCCP-based SC assignment is performed; (ii) ‘RSA
+ CPA: NOMA’: The SCs are randomly assigned to users, and
then CCCP-based power allocation is conducted to maximize
the sum MOSs; and (iii): ‘OMA’ scheme. Apart from the
above QoE-driven resource allocation benchmarks, we also
consider an existing QoS-driven power and SC allocation
scheme aiming at maximizing the sum rate of users in a D2D
underlaying NOMA cellular network [4], which is termed as
(iv): ’QoS-driven resource allocation: NOMA’.

Fig. 2 shows average MOS against the number of CUs with
different schemes. The average MOS is defined by the radio
of sum MOSs to the total number of users. From Fig. 2, we
observe that as the number of CUs increases, the average MOS
of the proposed scheme tends to decrease. This is because that
although NOMA is employed in the proposed scheme such
that multiple CUs can be multiplexed over the same SC, the
increase in the number of CUs makes inter-user interference
more severe, which degrades the average MOS performance
of CUs. Meanwhile, when the number of CUs becomes larger,
more SCs will be occupied by the CUs. As a result, the
available SCs assigned to D2D users will decrease, which
limits the average MOS performance of D2D users. However,
as shown in Fig. 2, the proposed NOMA scheme still achieves
better user QoE compared with other benchmarks. This is
because the proposed scheme derives more efficient power and
SC allocation solution toward QoE optimization to both CUs
and D2D users, which contributes to better user satisfaction.
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Particularly, the MOS performance gap between the proposed
scheme and QoS-driven resource allocation scheme becomes
larger when the number of CUs increases. This means that
the QoS-driven resource allocation can not achieve optimal
user satisfaction for web browsing service, because QOE is
also affected by other non-network-related factors, such as
application parameter of the multimedia service.

Fig. 3 depicts average MOS against the number of CUs with
different minimum MOS thresholds. From Fig. 3, we find that
for different minimum MOS thresholds, i.e., MOS,,;;,, = 1, 1.5,
and 2.5, average MOS tends to decline as the number of CUs
increases, which shows similar trends with Fig. 2. Besides, we
observe that with MOS,,;,, increases, average MOS of pro-
posed scheme tends to increase. This phenomenon illustrates
the dependency of QoE-driven optimization algorithm on min-
imum MOS thresholds, which means that incorporates the QoE
threshold mechanism into proposed QoE-driven optimization
algorithm could be benefit for enhancing user satisfaction.

V. CONCLUSION

This paper investigated the QoE-driven power and SC
allocation problem in D2D underlaying NOMA cellular net-
works. A joint optimization problem was formulated, aiming
to maximize sum MOSs of all users while ensuring minimum
QoE demand of each CU and DU. Since the formulated
optimization problem was mixed-integer and non-convex, the
original optimization problem was first converted into a more
tractable form. Then, by means of AO framework and CCCP
technique, a two-stage iteration alogrithm was proposed. Sim-
ulation results demonstrated that introducing QoE threshold
mechanism into proposed QoE-driven optimization scheme
can further improve user satisfaction. Additionally, the results
revealed that compared to QoS-driven resource allocation
solution, the proposed scheme achieves significant QoE per-
formance enhancement, which characterizes the effectiveness
of proposed scheme in optimizing the QoE of CUs and D2D
pairs in D2D underlaying NOMA cellular networks.
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