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Abstract

Recently, mobile networks have witnessed an increasing dominance of video traffic streams to simultaneously distribute real-
time contents to massive number of user devices. In this context, fifth-generation (5G) technologies and beyond expose their
advanced new radio access interfaces to facilitate multi-user associations with successive interference cancellation (SIC)-based
non-orthogonal multiple access (NOMA) mechanisms. However, the imperfectness of the SIC in reality may result in significant
performance decrease in NOMA owing to inter-channel interference existence. Motivated by this observation, this paper studies
adaptive bitrate streaming services given such a challenging transmission environment assumed. In this context, our objectives are
to maximize the video bitrate (accordingly the video resolution) of the online streams while retaining the playback smoothness.
The problem is transformed into a drift-plus-penalty balancing optimization, which is then resolved by an approximation algorithm.
Numerical results highlight the outperformance of the proposed approach compared to existing algorithms in terms of video quality

and smoothness in various system scenarios.

Keywords: Adaptive bitrate streaming, edge caching system, imperfect SIC, multi-user downlink NOMA

1. Introduction

Adaptive bitrate streaming (ABS) is an advanced technol-
ogy that delivers videos to the users with the best-possible expe-
rience by dynamically adapting to any changes in network and
playback environments [1} 2]. To support this adaptability, a
standard network-assisted architecture, namecoded SAND [3],
has been introduced to enable video streams are continuously
transcoded and/or cached by network elements (referred to as
DANE) on the delivery path using dynamic adaptive streaming
over HTTP (DASH) protocol. Within the fact that mobile traffic
has significantly dominated streaming services recently, an in-
tegration of SAND into the fifth-generation (5G) networks has
been recommended by the third Generation Partnership Project
(3GPP) organization in Technical report TR 26.957 V16.0.0
for Release 16 [4]]. In particular, the 5G point of attachment,
i.e., the next generation NodeB (gNB), takes responsibilities for
DANE functions as a proxy cache in close proximity of ABS
users.

Unfortunately, the gNB is considerably constrained by lim-
ited computational resources and time-varying wireless chan-
nels. While the computational resources drive transcoding and
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caching capabilities, the wireless channels significantly impact
stream delivery to the ABS users. Especially in the 5G net-
works and beyond, non-orthogonal multiple access (NOMA),
as a foundational access technology, simultaneously multiplexes
users in the power domain on the same orthogonal subchan-
nels [5,16]]. As an intrinsic component of NOMA, the successive
interference cancellation (SIC) technique exploits a sufficient
difference of relative channel gains among users to extract re-
ceived signals efficiently. However, the networks mostly face
imperfect SIC condition as the higher-gain components can-
not be completely cancelled from the superimposed signals ob-
tained at the receiver in reality [7]. Efficiently optimizing the
video quality (via appropriate video bitrate selection) of ABS
services in such an imperfect environment is considered a great
challenge.

A comprehensive literature review in [8]] reveals that most
recent studies have resolved several aspects of the ABS services
over wireless networks along with an assumption of orthogo-
nal communication whilst some rare studies worked on NOMA,
however, with ideally perfect SIC [9] 10} [L1L [12]]. For instance,
Ali et al. considered the dynamicity of multihop cognitive ra-
dio environment to minimize end-to-end latency of ABS ser-
vices [13]. Although an optimal radio resource selection has
been obtained for service latency minimization, the solution is
based on wireless channel observation passively instead of han-
dling sources of channel variations. In [14]], Sunny ef al. pro-
posed the D-VIEWS radio resource scheduler, which balanced
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between video bitrates and wireless channel conditions to of-
fer service quality fairness among adjacent users. However,
the D-VIEWS comes with a consideration of ideally orthogo-
nal communications as in 4G systems. To capture time-varying
wireless channel conditions, Guo et al. exploited the power
of deep reinforcement learning to jointly optimize computation
and communication resource allocations for ABS services [[15]].
This approach can be regarded as a reactive solution against
the change of wireless environment predicted through learning
activities. On the other hand, Zhang et al. worked on optimiz-
ing ABS services by jointly considering resource allocation and
bitrate adaptation in NOMA systems [12]. This work actively
handled resource allocation on NOMA channels, notwithstand-
ing ideally perfect SIC was assumed towards the optimization.
To the best of our knowledge, improving quality of ABS ser-
vices in terms of video resolution and playback smoothness in
NOMA systems especially with imperfect SIC remains a chal-
lenging issue for cross-domain research communities.

Inspired from the above investigation, this paper jointly con-
trols video bitrate adaptation and transmission power allocation
to maximize the video resolution of online ABS streams while
maintaining playback smoothness in NOMA edge caching sys-
tems with imperfect SIC. The research methodology of this pa-
per is described as follows:

o First, the challenging environment was thoroughly inves-
tigated. Particularly, a comprehensive realistic model of
ABS services in multi-user downlink NOMA edge caching
systems with imperfect SIC is analyzed. Here, various
environmental factors are considered such as the number
of active users, the imperfectness of SIC, and available
communication resources.

e Second, the optimization problem was mathematically
formulated. We transformed the playback time budget
into a smoothness buffer where incoming video bits are
temporarily stored before presented on screen of user de-
vices. The Lyapunov-derived drift-plus-penalty (DPP)
policy was integrated into NOMA power allocation model
with imperfect SIC to develop a joint optimization of
video bitrate adaptation and playback smoothness.

e Third, to resolve the optimization, the logarithmic bar-
rier method was exploited. As a result, a balanced ABS
algorithm is proposed to maximize video bitrate of the
online streams while managing their buffer tolerance to
maintain playback smoothness.

o Fourth, to validate the effectiveness and advantages of the
proposed approach intensive simulation was conducted.
Numerical results demonstrated that the proposed approach
outperforms existing approaches in terms of video qual-
ity and playback smoothness.

As a result, the novelties in this paper can be highlighted as
follows:

e To the best of our knowledge, our study is the first at-
tempt to maximize QoE by jointly optimizing the video

resolution (via optimal video bitrate selection) and play-
back smoothness of ABS services in a multi-user down-
link NOMA edge caching systems with imperfect SIC.

e To address the mentioned problem, two actions are per-
formed. First, the problem is mathematically formulated
adopting the Lyapunov-derived DPP policy. Then, a bal-
anced ABS algorithm is developed based on the logarith-
mic barrier method to resolve the problem.

e Our studies demonstrate that improving QoE of ABS ser-
vices in nonideal 5G NOMA environment can be signif-
icantly achieved by balancing between video bitrate and
playback smoothness.

The remainder of this paper is organized as follows. Sec-
tion 2] reviews state-of-the-art studies related to ABS systems
and current NOMA studies with imperfect SIC. Section [3] pro-
vides problem statement with detailed analyses of transmission
model and bitrate adaptation in multi-user downlink NOMA
edge caching systems with imperfect SIC. Section [4] describes
our proposed balanced ABS algorithm. Subsequently, Section[3]
illustrates simulation setups and numerical result discussions.
Finally, Section [f] concludes the paper.

2. Literature Review

2.1. NOMA with Imperfect SIC

Recently, investigating the impacts of imperfect SIC on NOMA

wireless environment has been attractive to research communi-
ties. For example, Wang et al. [16] proposed a low-complexity
power allocation and user scheduling scheme to maximize the
sum-rate in multi-carrier NOMA networks by managing power
order constraints with consideration of SIC errors at user de-
vices. The problem was transformed into a convex optimiza-
tion, which then was resolved by iterative algorithms. Assum-
ing improper Gaussian signaling adoption at user devices, Ma-
hady et al. [17] derived the sum-rate maximization problem in
NOMA systems with imperfect SIC subject to minimum quality-
of-service requirements, then developed an iterative algorithm
to find the suboptimal coefficient factor to this end. In [18],
Hota et al. considered the ergodic performance of NOMA sys-
tems by optimizing the decoding orders through an approxima-
tion method in an imperfect SIC environment. On the other
hand, Sena et al. [19] investigated a multi-user multi-cluster
massive multiple-input-multiple-output (MIMO) NOMA sys-
tem with imperfect SIC. In this scenario, an iterative power
allocation algorithm was proposed for fairness improvement
among users per cluster. In addition, beamforming and clus-
ter formation were designed to jointly optimize outage proba-
bility and ergodic performance whilst maintaining user fairness
in terms of service quality. From another perspective, Khan
et al. [20] studied a backscatter-enabled NOMA system. To
maximize sum-rate, transmit power of NOMA antennas and re-
flection coefficient factors of backscatter tags were jointly op-
timized with a consideration of imperfect SIC, then resolved
by the sub-gradient method. In a small-cell NOMA network,



Khan et al. [21] investigated the trade-off between system ca-
pacity and energy consumption when controling transmit power
subject to imperfect SIC. To address this problem, an iterative
algorithm was developed based on the sequential quadratic pro-
gramming method. In summary, NOMA systems with imper-
fect SIC have been considered a critical problem that deserves
to be thoroughly investigated in various application scenarios
towards its maturation.

2.2. ABS Systems

Literature review found that existing works in the field of
ABS have focused on addressing various technological aspects,
which can be taxonomized into two major categories: user ex-
periencing [22} 23| 24} 25| 126l 27, 128l 29] and system perfor-
mance [30}31,[32] [33] 34} 135|136, [37]] optimizations.

To improve user experiences, current studies investigated
multiple factors of the entire systems, which influence video
quality during streaming time such as access bandwidth, wire-
less interference, in-network computing capacities, link stabil-
ity, user mobility, user preference, and the capability of user
devices. Experimental study in [23]] exposed that behaviors and
reactions of streaming algorithms significantly impact quality
of experience (QoE) on ABS services. For instance, Gao et
al. exploited video semantic information among users who
share the same interests to predict viewing behaviors of cur-
rent users [24]]. In addition, retention rate of a video stream
technically depends on codec selection, playback delay, and
stalling frequency [25]. The prediction is used to suggest ap-
propriate video bitrate for individual user with a consideration
of time-varying access bandwidth. Typically, an increase of
video bitrate comes with a cost of bandwidth consumption. To
cope with this issue, Kimura er al. proposed the BANQUET
algorithm, which helps to minimize user traffic while maintain-
ing desired viewing experiences requested by users [22]. The
BANQUET algorithm adjusts user bandwidth allocation based
on current context in terms of available playback buffer and
channel conditions [26]]. To jointly handle bitrate maximiza-
tion and end-to-end latency minimization, Wang et al. proposed
the MultiLive bitrate control algorithm to specify optimal bi-
trate for each pair of streamer and player communication [27].
Adopting the MultiLive algorithm, video streams, which are
characterized by similar features, are aggregated using scalable
coding for transmission. On the other hand, Taraghi et al. con-
sidered system stability and its effects on stalling frequency and
duration during the streaming time in [28]]. The findings show
that a short stall event of 4 ms does not notably influence user
experiences, whereas most of the users prefer high video bitrate
along with several long stall events rather than smooth-but-low
video bitrate. Recent studies [29] demonstrated that machine
learning techniques are a promising approach to handle com-
plex and heterogeneous environmental conditions towards QoE
improvements in ABS systems.

Focusing on system performance maximization, existing stud-
ies gave their efforts to orchestrate available communication,
computation, and storage resources at networking components
to support ABS systems for transcoding and temporarily caching

video contents on the delivery throughout the networks. For in-
stance, Gao et al. exploited the power of network function vir-
tualization to propose a virtual caching scheme, namely vCache
[30l], which enable video streams buffering their searchable meta-
data at the cache in advance. Meanwhile, video data are phys-
ically stored at the edge servers whenever a request arrived.
This mechanism significantly improves resource utilization ef-
ficiency in the network. Moreover, Xu et al. jointly considered
caching and communication resource allocation at multi-access
edge computing (MEC)-empowered mobile base stations to as-
sist ABS services with flexible bitrate adaptation [31]]. A Stack-
elberg game model was developed to harmonize cache and wire-
less resources for every video content based on the content pop-
ularity. To improve hit ratio at the cache, Tran et al. consid-
ered cooperative caching and processing operations at the edge
servers to optimize cache placement of multiple video variants
for access traffic and service delay reductions [32]]. Aiming
to provide a flexible transcoding strategy in a MEC-enabled
ABS system, Liu et al. considered available edge computing
capacity, transcoding power requirements, and communication
resources to select proper video bitrate versions. As a result,
low latency experience and viewing smoothness are achieved
for multiple players [33]]. On the other hand, Li ef al. targeted
energy efficiency in ABS edge caching servers by jointly ana-
lyzing the caching capacity, computing power, and backhaul re-
sources to tradeoff between video bitrate and energy consump-
tion while satisfying user service requirements [34]. In a hybrid
mode, network capacities and user preferences are considered
by Lebreton et al. in [35] to estimate optimal bitrate ladders ac-
cording to upcoming network conditions and user interests. To
protect sensitive user information and data, blockchain-assisted
and secure data delivery frameworks are proposed in [36}37]] in
ABS caching systems. The proposed frameworks provide trust-
ful service request transactions and the integrity of data trans-
ferred.

According to the aforementioned taxonomy, our paper can
be classified into the user experiencing category as the paper
aims at adapting video bitrate to mobile network condition fluc-
tuations. Different from existing studies in the same category,
our our proposed algorithm is particularly incorporated within
current advanced access technologies, i.e., NOMA, in 5G and
beyond networks. In addition, we developed an adaptive trade-
off function between video bitrate and playback smoothness,
which considers current time-varying system state. As a result,
video streams are smoothly played at the best-possible resolu-
tion supported by the system.

3. Problem Statement

This paper considers a network model of ABS services in
multi-user downlink NOMA edge caching systems with imper-
fect SIC, as illustrated in Fig. In this model, 5G gNB ac-
cess point equipped with edge caching capabilities assists the
ABS services in two folds: (i) DANE functionalities, which
transcode and cache suitable bitrate versions of video streams
acquired from the content server for users temporarily access
and (i) wireless fronthaul medium, which delivers appropriate
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Figure 1: Network model of ABS services in multi-user downlink NOMA edge
caching systems with imperfect SIC.

video streams to multiple users on demand [38]]. Here, NOMA
is utilized as the access technology, however, with imperfect
SIC. Without loss of generality, we assume that user clusters
are organized in advance.

3.1. Transmission Model

In this network model, the gNB concurrently serves all users
in the set U with its cardinality U. Assume that the downlink
channel gain from the gNB to user i is g; and all users are la-
beled by their gains in ascending order, i.e.,

g1<...2g =<...<gvu- Q8

Briefly, NOMA superimposes all user signals into a single wave-
form at the gNB before transmitting (a.k.a. superposition cod-
ing), while every users independently decode the received sig-
nals by consequently extracting individual signals based on the
signal strength in descending order, i.e., first user U last user 1
(a.k.a. SIC). In fact, SIC cannot completely subtract the higher-
strength signals to obtain desired signal expected by the user
owing to hardware limitation and so on. Therefore, residual in-
terference exists during SIC, referred to as imperfect SIC. Ac-
cordingly, inter-user interference /; of user i is given by
i-1 U
=Y pigi+B ), pigi 0<p;<p™.pel01], (2)
j=1

Jj= Jj=i+1

where p; and p™* denote the current and maximum transmit
powers of user j while 3 is the coefficient factor of interference
from higher-strength signals, which can be investigated through
long-term measurements [39]. Hence, the data rate r; of user i

yields
1&) 3)

where w and n represent the downlink bandwidth and the noise
power spectral density, respectively.

To perform SIC properly, the necessary power constraints
associated to user i is expressed as follows:

rp = wlog2(1 +

pigi — (i + now) > €, €>0, )

where € is the minimum power difference required to distin-
guish between the signal expected by user i and the remaining
components in the received signals.

3.2. Video Bitrate Adaptation

As illustrated in Fig. |1} the gNB performs DANE func-
tions to assist ABS services in terms of video transcoding and
caching capabilities. Here, a maximum playback time budget
(6™*) are predefined by the DANE functions at the gNB to tem-
porarily buffer video streaming data at user devices before play-
ing [40, 41]]. The maximum playback time budget specifies the
duration a user service can accept to wait for the video data ar-
rived. Obviously, current status 6;(f) of user i at timeslot ¢ is

updated as follows:
6:(1) = max {o, B - 1) T(l - @)} v ()
vi(1)
6:(0) = 6™,

where 7 is the timeslot duration and v;(¢) is the video bitrate
streamed on the downlink to user i during timeslot ¢. v;(¢) € V,
which is a deterministic set of applicable bitrates. It is observed
that 6; o :—, Vt. In layman’s terms, if the video bitrate increases
and/or the data rate decreases, the playback time of buffered
data decreases accordingly, and vice versa. For example, a
video stream has initially a maximum playback time budget of
5000 ms. In next 100-ms timeslot, if the data rate is 2-time
higher than the selected video bitrate, the user device can play
the video stream instantly and smoothly and the current play-
back time budget is 5000 — 100+ (1 —-2) = 5100 ms. However, if
the data rate is 2-time lower than the selected video bitrate, the
user device must to wait during this timeslot to buffer the video
data, i.e., the current playback time budget is decreased to be
5000 — 100 (1 —0.5) = 4950 ms. Service quality is considered
unsatisfied if the current playback time budget is less than 0 ms.
To serve a smooth video playback, 6; must to maintain as mean
rate plus 8™ stable, i.e.,

. E[6,(n)] — 0™
lim ———

t—0o0 t

=0. ©)

Based on this observation, we refer 6; to as a virtual smooth-
ness buffer with the upper-bound 6. Here, our objective is to
optimally select v;(f) and control r;(f) to maximize the time-
average bitrate of the video streams while satisfying (6)),

. 1 T-1
max lim — ; E[v,(£)]. 7

By considering status fluctuation of the smoothness buffer as
queuing drift and the video bitrate as penalty according a given
selection of v;(¢) and r;(¢), the Lyapunov-derived drift-plus-penalty
policy [42] can be exploited to develop the optimization, that is,

max i -(z)—ie-(z)[ (1—@)] Ve (8)
{V"’r"]aizl ! =1 ! Vi1 ’

where o is a non-negative coefficient factor to prioritize the
penalty term against the drift term. Derived from (3), r; is con-
trolled by p; as in NOMA systems. Hence, the optimization is



transformed into

U Dpigi
max Z (avi -0 [T - wlog, (1 i I+n0w)]] )

ViPit £ Vi
{(vi.pi} =1 i

st. @, @, @).

4. Proposed Balanced ABS Algorithm

It is seen that (9) is a mixed-integer programming problem
where optimal variables {v;} and {p;} are decided in predefined
set V and range [0, p™®*], respectively. Let F(v, p) defines the
functions of {v;} and {p;}. Consequently, the objective function
for problem (9)) can be represented as

U
ri(1)
maxF(v, p) = max i —6:(t — 1-—
v P) {vi,pi} ; (Q'V ( ( D- ( vi(t) ))
1 Pi&i )
. w ng( Z’, ! [,/g1+ﬁzj i1 Pjgil+now ) (10)
Vi
s.t. p; >0, an
p" = pi =0, (12)
pigi - [Z pigi+p Z pjgi + now] —e20,  (13)
Jj=i+l
ri(1)

6;(t—1 1- > 0. 14
«=n=r(1-35)2 @

Accordingly, the logarithmic barrier function associated with
(10) is given by

max

)

+1In (pigi - [Z pigi+p Z pigi+ noW] - e]

Jj=i+1

+ln(9(t— 1)—7(1 - %)))

B(Vap’,u) :F(V,p) _ﬂ( lnpl + ln (p

(15)
We define

max

- pis

Cao(v, p) =pigi = [Z pigi+p Z pigi+ noW] - €

Jj=i+1

_ @)
vl

Hence, the logarithmic barrier function (I3)) is represented as

Ci(v, p) =pi(p
C3(v,p) =6,(t = 1) - T(l

3
B, p,p) = F(v,p) =1 ) In Cu(v, p). (16)

m—1

Here, p is a small positive scalar called the “barrier parame-

ter”. As u converges to zero, the maximum of B(v, p, u) will

converge to a solution objective function (I0). The gradient of
barrier function (T6) is

vC,.(v, p)
—&” ”Z Cuvip)

a7
where g is the gradient of the original function F(v, p) and
VC,.(v, p) is the gradient of C,,(v, p) Let A is a Lagrange multi-
plier inspired dual variable

Cndm = U, m=1,2,3. (18)
Eq. is the complementary slackness in Karush-Khun-Tucker
(KKT) conditions [43]. The solution of problem can be
obtained by finding (v, p,,4,) for which the gradient of the
barrier function is zero. Applying (I8) to (I7), we derive an
equation for the gradient

g-ATa=0, (19)
where the matrix A is the Jacobian of the constraints C(v, p).
Applying Newton’s method [44] to and (I9), we obtain an
equation for (v, p, A) to update (x,, x,, x,;)

w o -AT\(X,,\ [-g+ATA

A C X, \ut-ca)
where W is the Hessian matrix of B(v, p, ), A is a diagonal ma-
trix of 4, and C is a diagonal matrix with C,,,, = C,(v, p). Ac-

cording to (T0) and (I8)), the condition A > 0 should be enforced
at each step. This can be done by choosing appropriate a.

(20)

W, p, D) = (v+aX,,p+aX, A+ aXy). (21)

The proposed scheme is described in Algorithm 1. In this
scheme, we initialize the value of u° = 0, W = 0, and A° =
0 in the first step. In each step k, we solve the problem (20)
with the given u*, vk, and A* in sequence to derive step size
Xk, XI’§, and X%, respectively. The new value u**!, vk and
A1 is updated following the (21) with given appropriate @ =
0.1. According to the Newton’s method, the value of F(v, p)
increases after each iteration and converges to the near optimal
value. When the magnitude |Fy,; — Fy| is less than a very small
tolerance &, the iteration stops. Subsequently, we obtain the
near optimal value v(t)* = V¥, p*(t) = p*, and A*(¢) = A* which
results in F (v, p)max-

Remarks: Computational Complexity Analysis. As de-
scribed in Section [4} the problem (9) for finding the optimal
video bitrate v and transmit power p is transformed to the equiv-
alent problem (I9) by using the barrier method and KKT condi-
tions. The near optimal solution of problem (T9) can be achieved
by using an Balanced ABS scheduling optimization algorithm
based on Newton’s method. Because of quadratic convergence
to the optimal value of Newton’s method, the proposed algo-
rithm can obtain the solution rapidly and effectively. The com-
putational complexity of proposed algorithm is O(£72) [43],
where ¢ is the tolerance used for the stop condition of the it-
eration. It is observed that problem can also be solved by



Algorithm 1 Balanced Adaptive Bitrate Streaming
Input: 6(r - 1), 7, ri(t), now
Output: v} (1), p; (1), A} (1)
1: e Initialization
2: v", p", and A* are v, p, and A at k-th step, respectively, W = 0, W= 0, and
=0
R X’V‘, Xl’§, and Xﬁ is the step size of v", pk, and X at k-th step, respectively
: & is the tolerance, a = 0.1
: repeat
Given vk, p¥, and A%, solve the problem derive X{f*l, Xﬁ*l, and
Xk+l
A
7: v+ pk+l and AF+1 s respectively derived from
8: vh =k 4 axkl
9: PF=pk+ a/X;‘,+1
10:  aF =20+ axt!
11: k=k+1
12: until [Fry — Fi| <€
13: v =k, p* = pk, and A* = A*

.C{\(I!-ka-)

using the ellipsoid method or the cutting plane method [46].
The complexity of these approaches is O(n*), where n is num-
ber of v and p variables. Because n is relatively large, these
algorithms have a much higher complexity than the proposed
algorithm.

5. Performance Evaluation

5.1. Simulation Setups

To investigate performance of the proposed balanced ABS
algorithm, we constructed a NOMA system model with imper-
fect SIC constituted by a central gNB and multiple user de-
vices in a coverage area of 1000 m x 1000 m. Here, user
devices are randomly distributed in the coverage area. In this
simulation scenario, environmental conditions are setup with
the noise power spectral density of —169 dBm/Hz and varying
coefficient factor of interference in range of [0, 1]. Regarding
communication settings, the maximum transmit power of user
device is 40 dBm and the minimum power difference € is 10
dBm [47], while the available access bandwidth is in [2,20]
MHz. In terms of ABS service configurations, video bitrate,
without loss of generality, is assumed to be in a predefined set
of {3400,2930, 1789, 1144,374,283} kbps [41] 48]]. In addi-
tion, the maximum playback time budget is assigned as 5 s.
Detailed simulation parameters are summarized in Table|[T]

The simulation has been conducted using MATLAB R2021a

framework. We measured system performances during 100 Monte

Carlo experiments for each simulation configuration. The pro-
posed balanced ABS algorithm was compared with the follow-
ing schemes:

e Location-aware ABS [49]]: This scheme prioritizes user
devices with low channel qualities at the edge of the cov-
erage area to be assigned with appropriate transmit power
and video bitrate while satisfying all constraints.

e Lightweight ABS [50]: This scheme adopts the first-come-
first-serve policy, where the first applicable solution is se-
lected to assign transmit power and video bitrate to user
devices until the system resources are exhausted.

Table 1: Simulation parameters

[ Parameter [ Value
Coverage area 1000 m x 1000 m
Number of clusters 8
Number of users per cluster [0, 10]

Vi {3400, 2930, 1789, 1144, 374,283} kbps [48]|
pm 40 dBm

Hmax 5 S

T 100 ms

B [0, 1]

a [1073,10°]

€ 10 dBm

no -169 dBm/Hz

w [2,20] MHz

e Low-delay MultiLive [27]: This scheme prioritizes the
playback smoothness of video streams by maximizing
playback time budget as desired by user devices with
considerations of environment changes.

e Bitrate upper bound: This baseline establishes the maxi-
mum video bitrate available for user devices according to
the channel environment regardless of the playback time
budget.

5.2. Numerical Performance Analyses

Fig. [2| shows proportional relationships between the aver-
age video bitrate and available access bandwidth. In a given
network condition, the average bitrate of video streams obvi-
ously increases as more bandwidths are available to serve user
associations. In general, average video bitrate supported by the
proposed balanced ABS scheme is 35.06% and 39.92% higher
than those of the location-aware and lightweight ABS schemes,
respectively. In particular, the proposed balanced ABS algo-
rithm reveals its advantages especially in a system condition
with poor communication resources. In case the available ac-
cess bandwidth is in range of (2, 8) MHz, the proposed balanced
ABS scheme significantly increases the average video bitrate
up to 58.35% and 75.01% compared to the location-aware and
lightweight ABS schemes, respectively. It is observed that av-
erage bitrate provided by the balanced ABS scheme stays in the
middle between those of bitrate upper bound and low-latency
MultiLive schemes. When the available access bandwidth is
sufficient to serve all user devices (i.e., > 20 MHz), the aver-
age video bitrate reaches the highest value of 3400 kbps in all
schemes.

Fig. [3|illustrates effects of the coefficient factor of interfer-
ence on the average video bitrate. Similar to the way that the
available access bandwidth impacts the video bitrate, the coeffi-
cient factor of interference represents channel quality and then,
partially decides data rate of user connections. A high value
of the factor exposes high interference resulting in a low data
rate, and vice versa. Because of the imperfectness of the SIC
in NOMA association, average video bitrate in all schemes de-
creases as the coefficient factor increases. In this circumstance,
the proposed balanced ABS scheme mitigates the impact of in-
terference by controlling the transmit powers to user devices.
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Figure 2: Average video bitrate in different access bandwidth assignment.
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Figure 3: Effects of the coeflicient factor of interference on the average video
bitrate.

As a result, the proposed balanced ABS scheme efficiently re-
sists against bitrate reductions. In particular, average bitrate re-
ductions in the balanced, location-aware, and lightweight ABS
schemes are 33.96%, 56.87%, and 71.65% respectively as the
interference factor increases from 0 to 10 (x1073). Intuitively,
video bitrate supported by the balanced ABS scheme is in be-
tween 1789 and 2930 kbps, while video bitrate in the location-
aware and lightweight ABS schemes are less than 1789 and
1144 kbps, respectively.

Fig. [ demonstrates the average video bitrate when the
number of concurrent user services changes. In a given system
condition with constrained resources, data rates of user connec-
tions decrease when the number of concurrent users increases;
hence, this results in average video bitrate reductions. The rea-
sons are because of smaller assigned bandwidth for each user
device and higher interference among user connections. As
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Figure 4: Average video bitrate in case the number of users changes.

the proposed balanced ABS scheme optimally selects appro-
priate transmit powers for every user to efficiently control the
interference, the scheme offers higher average video bitrate in
all cases. Particularly, average video bitrate is decreased by
49.28%, 62.37%, and 89.42% in the balanced, location-aware,
and lightweight ABS schemes, respectively, when the number
of concurrent users increases from 1 to 10. Especially, within
the 10-user scenario, the balanced ABS scheme provides the
average video bitrate around 1789 kbps, while the location-
aware and lightweight ABS schemes offer the average video
bitrate around 1144 and 374 kbps, respectively. The results
show that the proposed balanced ABS scheme clearly exposes
its advantage in poor system conditions. It is worth noting that
the balanced ABS scheme generally maintains the average bi-
trate around the middle between those provided by bitrate upper
bound and low-latency MultiLive schemes in all cases.
Regarding the video playback smoothness, Figs.[3} [6] and[7]
represent the simulation results with different configurations of
access bandwidth, interference factor, and number of concur-
rent users. As shown in Fig. [5] the average playback time bud-
get increases proportionally to the available access bandwidth.
Obviously, a larger amount of assigned bandwidth provides a
higher data rate for user connections. Consequently, video bi-
trate as well as buffered data increase resulting in high play-
back time budget. Although all algorithms expose the same
time budget improvement fashion, the proposed balanced ABS
scheme provides better performance compared to the others.
In particular, the average playback time budget provided by
the balanced ABS scheme is 10.88% and 26.89% higher than
those of the location-aware and lightweight ABS schemes, re-
spectively. Derived from Figs. [2] and 5] the average play-
back time budget increases quickly when the available access
bandwidth is sufficient to serve user services with intermediate
video quality (i.e., 1144 and 1789 kbps). The increase veloc-
ity is slower when high video quality is provided within high
available bandwidth (e.g., 20 MHz). This observation is be-
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Figure 5: Average playback time budget in different access bandwidth assign-
ment.

cause jumping to high video bitrate requires significant addi-
tional amount of bandwidth to transfer the data and a large
amount of data needed to be buffered for time budget improve-
ment.

Fig. [6] demonstrates the relationship between the average
playback time budget and the imperfectness of SIC represented
by the coefficient factor of interference. Obviously, high val-
ues of the interference factor lead to poor channel quality and
hence, low data rate. Consequently, the average playback time
budget decreases due to smaller amount of video data can be
downloaded. Although all the simulated algorithms illustrate
the same effect of the imperfectness of SIC, the proposed bal-
anced ABS scheme retains a higher average playback time bud-

get of 0.56 and 1.04 s compared to those provided by the location-

aware and lightweight ABS schemes, respectively. To obtain
this advantage, the balanced ABS scheme dynamically decides
a trade-off between video bitrate and playback time budget to
ensure video playback smoothness at the highest video quality.
Compared to the bitrate upper bound scheme, the proposed bal-
anced ABS scheme maintains a higher playback time budget
for a stable playback smoothness of video streams in dynamic
environments.

Fig. [7] shows the relationships between the average play-
back time budget and the number of concurrent users in the sys-
tems. It is easy to capture that a larger number of user devices
associated in the network results in a higher interference as well
as a reduction in assigned bandwidth for user services. These
issues significantly decrease user data rates and therefore, the
playback time budgets. In this circumstance, the proposed bal-
anced ABS schemes handle the video quality (represented by
the bitrate metrics) to stabilize the playback time budgets in one
side. On another side, the proposed scheme optimizes transmit
powers for user devices to improve channel qualities. Subse-
quently, 0.86 and 1.93-second differences of the playback time
budget are retained in the balanced ABS schemes compared to
those of the location-aware and lightweight ABS schemes, re-
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Figure 7: Average playback time budget with different numbers of user devices.

spectively. The results demonstrate that the proposed balanced
ABS scheme well adapts to the change in environmental con-
ditions and user requirements, especially in uncertain and poor
system conditions. In particular, average playback time bud-
get provided by the balanced ABS scheme maintains an ap-
proximate value compared to that of the low-delay MultiLive
scheme.

6. Conclusion

As video streaming services increasingly dominate mobile
traffic in advanced 5G networks and beyond, this paper devel-
oped an optimal solution to efficiently and dynamically bal-
ance between video quality and playback smoothness of the
ABS services. The proposed balanced ABS scheme jointly
optimize video bitrate and playback time budget with consid-



erations of environmental conditions in a multi-user downlink
NOMA edge caching system with imperfect SIC. Simulation
results demonstrated that the proposed scheme outperforms ex-
isting works in terms of video quality and smoothness in various
system scenarios with different configurations of SIC imper-
fectness, available access bandwidth, and the number of concur-
rent user associations. Particularly, the balanced ABS schemes
exposed their flexible adaptations to the change of system con-
figuration to obtain bitrate improvements while remaining sta-
ble playback time budget of video streams. In addition to the
imperfect SIC, the imperfect channel state information (CSI)
has been considered a challenging problem in NOMA environ-
ment, which highly affects the performance of NOMA and SIC.
Hence, to expand this work, future research will be dedicated to
investigating the imperfect CSI issue in such an ABS system.
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