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Service-Oriented Wireless Multimedia Multicasting with Partial
Frequency Reuse

Quanxin Zhao*, Liang Xu, Yuming Mao, Supeng Leng, Geyong Min, Jia Hu, and Noushin Najjari

Abstract: Service-Oriented Architecture (SOA) is employed in a wide range of applications because it promises
to expose computation-intensive tasks as services and combine them with new applications to accelerate their
applications development process. For service-oriented multimedia applications, the performance of multicasting
transmission services under multimedia traffic must be evaluated. Multiview Video (MVV) is a promising and
emerging type of multimedia traffic that consists of multiple video streams, allows stream switching, and requires
strict Quality-of-Service (Qo0S). In this study, we investigated multicast transmission of MVV in wireless cellular
networks with Partial Frequency Reuse (PFR) and focused on two challenging problems: (1) multicast group
formation and (2) subchannel and power allocation. Initially, we propose a novel Content-based Partial frequency
reuse Diversity Grouping (CPDG) scheme to allocate users to multicast groups on the basis of Partial frequency
reuse Diversity (PD) in wireless networks with PFR. After group formation, an optimization problem for subchannel
and power allocation is formulated to minimize network power consumption under QoS constraint. Thereafter,
the optimization problem is divided into two subproblems and solved using simplex method and Karush-Kuhn-
Tucker (KKT) condition. Finally, to solve the optimization problem, a suboptimal scheme referred to as Partial
frequency reuse Diversity Based Energy-efficient Multicasting (PDEM) is proposed by dynamically allocating
wireless resources under QoS constraint. The simulation results show that the proposed PDEM scheme can
achieve close-to-optimal performance. Moreover, mathematical analysis of the effect of PD on network performance
can provide guidelines for optimization of multimedia traffic in multicasting-enabled wireless cellular networks with
PFR.
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The emergence of service-oriented communication
systems and the rapid growth of multimedia application
services!!'=3 have led to considerable research attention
on multimedia
systems. In this study, we focus on traffic transmission
for multimedia services, including real-time Ultra
High Definition (UHD) video with two types of
resolutions (3840x2160 pixels and 7680x4320
pixels), augmented reality, and gaming!*-!, in wireless
cellular networks. As a promising and emerging
type of multimedia traffic, Multiview Video (MVV)
exploits multiple high-definition camera videos to

transmission in service-oriented
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significantly improve picture quality and user Quality-
of-Experience (QoE). Such novel multimedia traffic
brings great challenges for wireless cellular networks
with significantly higher bandwidth requirement than
that of existing single camera video.

Most of the existing studies on MVV transmission
in wireless cellular networks!> !9 consider wireless
networks with a frequency reuse factor of 11611121
namely, all the cells use the same spectrum. This
results in frequent co-channel inter-cell interference
on cell edge users, thus rendering user Quality-of-
Service (QoS) a great challenge!'™ !4
co-channel inter-cell interference, this study considers
wireless networks with Partial Frequency Reuse (PFR),
where the frequency resources of a cell are divided by
cell center and edge regions, and neighbor cells use
orthogonal frequency spectrum in their edge regions.

In multicasting-enabled PFR networks, a group
of users requesting the same content have multiple
frequency usage policies when they are located in
different cell regions. Specifically, cell edge group users
can use cell edge resources, while center group users
can utilize resources in both the regions. Such multiple
frequency usage policies are termed as Partial frequency
reuse Diversity (PD). Although multicasting-enabled
frequency reuse networks have been investigated in
Ref. [15], few studies have focused on the effect of PD
on the performance of these networks.

To overcome the abovementioned challenges, we
investigate MVV scheduling in multicasting-enabled
PFR networks. The primary contributions of this study
are summarized below.

1. To eliminate the

e To describe flexible stream switching in MVV and
PD, we propose a Content-based Partial frequency
reuse Diversity Grouping (CPDG) scheme for
allocating network users to multicast groups.
Thereafter, some key metrics for PD are proposed
on the basis of stream popularity theory to analyze
the effect of PD on network performance.

e After allocating network users to multicast
groups, an optimization problem is formulated
for subchannel and power allocation to minimize
system power consumption under user QoS
constraint. This optimization problem is then split
into two subproblems, and the optimal solutions
of these two subproblems are derived using
simplex method and Karush-Kuhn-Tucker (KKT)
condition, respectively.

e To solve the optimization problem with

a low computational complexity, a Partial
frequency reuse Diversity based Energy-efficient
Multicasting (PDEM) scheme is employed by
dynamically allocating wireless resources in
different cell regions under user QoS constraint.
The remainder of this paper is organized as follows.
Related work is discussed in Section 2. The system
model is described in Section 3, and the proposed
grouping schemes are presented in Section 4. Section
5 introduces the formulation and analysis of the
optimization problem, and Section 6 presents a
multicast resource allocation scheme. The obtained
simulation results are discussed in Section 7. Finally,
conclusions are drawn in Section 8.

2 Related Work

Most studies on video scheduling in wireless networks
with frequency reuse have been conducted under
unicasting condition!!> '), Only a few studies have
conducted analysis under multicasting condition. For
example, in Ref. [16], adaptive rate scheduling
was considered for downlink multicasting of video
streams over cellular wireless networks with Fractional
Frequency Reuse (FFR) scheduling scheme. Users
in the network were classified into different groups
according to their experienced Signal-to-Interference-
plus-Noise Ratio (SINR) levels. In Ref. [15], mobile
users requesting the same content were allocated to
a multicast group in multicasting-enabled frequency
reuse networks. Thereafter, a low-complexity scheme
that maximizes the network Energy Efficiency (EE)
under QoS constraint was proposed to allocate
frequency resources for both cell edge and center
users in the network with FFR scheme. As opposed
to existing studies that only focus on wireless
resource allocation!!> 161 the current study considers
both multicast group formation and wireless resource
allocation.

Most of the current studies on transmission of
multimedia traffic over wireless cellular networks
consider single camera videol!® 7],
studies'™ & 131 consider MVV
wireless cellular networks. In Ref. [5], the authors
analyzed the path diversity problem for interactive
MVV streaming. The system includes a media
server that delivers the video to the user over
independent network paths. Their proposed proxy
can adapt the video transmitted over wireless links in
response to channel quality feedback. In Ref. [6], the

Only few
transmission  over
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authors analyzed stream coding for MVV before its
transmission over wireless networks. Subsequently,
they proposed a User Dependent Multiview Video
Transmission (UDMVT) model to conserve wireless
network bandwidth via multicast-unicast-hybrid
transmission. Because an MVV consists of multiple
video streams, allows stream switching, and requires
strict QoS, it brings major challenges for wireless
cellular networks in terms of high wireless bandwidth
requirement and multiple stream switching. To address
these challenges, we employed stream popularity based
analysis for flexible stream switching.

In PFR-enabled networks, users in the same multicast
group may be at different locations in one cell, e.g.,
some users may be located in the cell center region,
while others may be located in the edge region. This
results in different frequency usage policies for users
in the same group. Namely, users located in the
edge region can use the edge frequency spectrum,
whereas users located at the center can use both center
and edge spectra, which are referred to as PD. In
Ref. [17], the authors employed soft frequency reuse in
single-frequency networks under enhanced Multimedia
Broadcast Multicast Service (eMBMS) to improve
eMBMS coverage of high data rates and cell-edge
throughput of broadcast services. When compared with
previous studies on traffic scheduling in multicasting-
enabled PFR networks!">-!71 this study is the first to
address the PD problem and analyze its effect on system
performance.

3 System Model

We consider an Orthogonal Frequency Division
Multiple Access (OFDMA) based base station with
partial frequency reuse. Let us consider an MVV with C
camera streams, where the camera stream set is denoted
as C={c,c=1,2,...,C}. Zipf distribution based
stream popularity is used!'® 1%, where the probability
for playing the c-th most popular stream is calculated as
C

De = (1/cs)/2(1/is), where 0 < p, < I,ch
i=1 ¢
1. Further, s is the parameter for Zipf distribution.

The whole frequency band in the PFR network is
divided by F = U}_F;, where F; N F; = @,i #
j.i.j €40,1,2,3}151 The cell edge band is F; (i =
1,2, 3), and the cell center band is Fy. Further, M is
the subchannel set, where the cardinality of M, | M|,
denotes the total number of subchannels.

Let i (i € M') and o (0 € MP°) denote cell center
and edge subchannels, respectively, where MU
MO = M. Moreover, kg is content request
indicator, i.e., user k at location g requesting stream
c € C,where k € K = {l1,2,...,K}, and g is the
geographic location for cell center area g € G! and cell
edge area g € G©. Other mathematical symbols are
listed in Table 1.

The equivalent channel gain of a geographic area g
playing stream ¢ on a subchannel is the worst channel
gain user in that group as given below.
2= min {|hk,o|2}, Vg eGP, cell edge;

keKg ¢

|hg.c.o
|hg,c,,~|2= min {|hk,,~|2},\7’gegl,cell center
keKg ¢

System power consumption is the total power of all
the allocated subchannels in both regions as follows:

P = Pt?t(PO,PO) + PtLt(PI’PI)v

Ptg)t(po?po): Z Po Z Zpg,c,o )

0eMO g€gO ceC (2)
PLO Y =D 2| DD pec
iem! gegl cec

where p© = [Polixiao) and pb = [pi]ixpq are cell
edge and center power allocation vectors, respectively.

System throughput is the summation data rate of all
the users as follows:

R = R&(PO,PO) + Rzotmlvpl)v

R&(PO,PO) = Z Z Zpg,c,oRg,c,o =

0eMO gegO ceC

Polhg,c.o?
Z Z Zpg50,0|’Cg,c|Bolog2 (14_% ’

0e MO geg0 ceC

Rgot(plﬂpl) = Z Z Zpg,c,iRg,c,i =

iemMl gegl ceC

Table 1 Main mathematical symbols.

Meaning

g.k,c Index of geographic area, user, and stream
G'.G°  Index set of center and edge groups

i,0 Index of available cell center and edge subchannel
M! Index set of available cell center subchannels

MO Index set of available cell edge subchannels

M Index set of the total system available subchannels
¢ Division factor of the total system subchannels
Prax Maximum transmitted power of base station

B Total system bandwidth
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pilhg.cil?
5 S rinio (5

ieml gegl ceC
(3)

If subchannel x is allocated to stream ¢ in geographic
area g, then pg . = 1. Otherwise, pg ¢ x = 0. Rg ¢ x
is the summation data rate of all the users in |/Cq (|
playing stream ¢ in geographic area g on subchannel
x. Further, p, and p; are the power values of cell edge
subchannel o and cell center subchannel i, respectively.
Moreover, we define p® = [0g.¢,0l1g0|x|cO|x|mo| and
P = [pg.c.iliglx|ctjx|am1 as the subchannel allocation
indicator matrix. Let Ng and By = B/| M| denote the
power spectral density of additive white Gaussian noise
and bandwidth of a subchannel, respectively.

4 Partial Frequency Reuse Diversity Based
User Grouping

A user grouping scheme referred to as CPDG scheme
that is based on PD for multicasting-enabled PFR
networks is proposed. Subsequently, some key metrics
for PD users are proposed for analyzing the effect of PD
on the network.

The CPDG scheme, shown in Algorithm 1, is
described in detail below. In the case of an MVYV, the
CPDG scheme operates iteratively for each stream. In
each iteration, the CPDG scheme first selects the most
popular stream. Thereafter, users requesting the above
chosen stream are allocated to different cell region sets
U, and V.. Two types of multicast groups are then
formed: (1) conventional groups for cell center and
edge are derived as Q! and Q2 by allocating PD users
in the center region. (2) If there exists at least one
user in both cell center and edge regions, Qg’ and
Q‘c1 are obtained respectively for cell center and edge
by allocating PD users in the center region. Finally,
the CPDG outputs two types of groups including the
conventional case in Qi and Qg, and PD-enabled case
in Q2 and Q% After obtaining the multicast groups
under PD-enabled and conventional cases, the system
can decide which type of group must be used before
resource allocation.

Next, some key metrics such as probability and
number of PD users are proposed for PD users on the
basis of stream popularity.

Definition 1 The probabilities of at least one PD user
for the c-th most popular stream and for all C streams,
respectively, are given as

Algorithm 1 Content based PFR Diversity Grouping Scheme
Require:
Content request : i g.¢
User set :
Cell center user set for stream c: U,
Cell edge user set for stream c: V.
Request probability of stream c: p.
Conventional set of groups of stream ¢: Q), Q2
PD enabled set of groups of stream ¢: Q2, Q%
Ensure:
1: for stream ¢ = arg max(p.) do
cec

2. foruserk € K do

3 if (Vk.g.c == 1)&&(g € G°) then
4: Ve < k

5 K=K\k

6 elseif (yx ¢ == 1)&&(g € G') then
7 U, <~k

8 K=K\k

9 end if

10:  end for

n: - Ql «u,

2 Q2 &V,

13 ifU, # 2 && V. # @ then

14: Qi <= U,

15: Q? <= U, UV,

16:  end if

17: end for

18: Output: QL, 02;03, 0%,

PPD, = (1 = (1= po)")(1 = (1= pe)') 4

c
PPD = 1 — [ [(1—PPD,) (5)
c=1
where U and V' are the number of cell center and cell
edge users, respectively.
Definition 2 The average number of PD users
for the c-th most popular stream and all C streams,
respectively, are as follows:

NPD, = Up.(1 — (1 — pe)") (6)
C

NPD = ZNPDC (7
c=1

5 Optimization Problem and Analysis

In this section, we introduce an optimization problem
to minimize power consumption of multicasting-
enabled PFR networks under user QoS constraint. The
optimization problem can be expressed as follows:
: 11
PO: min P = Po(p°.p°) + Py (.0 (®)

p°.p

2.
subject to



602 Tsinghua Science and Technology, December 2016, 21(6): 598-609

Z pg,c,oRg,c,o
Cli (1 - 1g)Ce < 2 Vg €g°
IKg.c
Z Pg.c,i Rg,c,i
C2 (1 —t5.0)Coe <M vgegh
|’Cg,c|
C3: Z Zpg,c,o < 1,Yo e MO°;
gego ceC
C4: D> pgei < 1.Vi e M
gegl ceC

Cs: pgo,co,o + pgi,ci,i g 1» Yo € Movi € MI,
Vgo € go,gi egGlcoce Coo. ci € Cyi:

6 Y Y ppen <4 (1—8) M

0eMO geg0 ceC n

CT: Y YD peci <E-IMI;

iemMl gegl ceC
C8: > Pot Y. Pi < Punax:

0e MO iem!
C9: pgeo €10,1},Yoe MO, Vge GO cel;
C10: pgei €40,1},Vie M, VgeGl.ceC;
Cl11: 0 < po < Puax. Yo € M©;
C12: 0 < pi < Ppax. Vi € M!
where constant Cy . is the average data rate, i.e., QoS
requirement for users playing stream ¢ in geographic
area g. Further, 1. € T = {a, B}, (@ € [0,1] and
B € [0, 1]) are system parameters for cell edge and cell
center data rate requirements, respectively. Because the

streams are distinct, no more than one stream can be
simultaneously allocated on a subchannel, as given in

Constraints 3 and 4.

The NP-hard optimization problem PO has two
independent variables, p and p; hence, the optimal
results cannot be easily obtained. Therefore, we convert
PO into two sub-optimal problems, P1 and P2. First,
P1 is introduced to allocate subchannels with equal
power level for all subchannels. This is a mixed integer
programming problem, and it will be converted into a
linear programming problem via constraints zooming.
Second, on the basis of results of P1, P2 allocates
the optimal power to sub-channels, thus resulting in a
concave programming problem.

PL: min Py = PG(0°) + Py (p) ©9)
00, p!

subject to
CI1,C2,C3,C4, C5, C6, CT;
C9*:0 < pgeo<1,YVoe MO VgeGP cel;
Cl0*:0< pgei <1,Vie M\, VgegG'ceC

P2: min P = Pig(p®) + P (0") (10)
subject to C1,C2, C8, Cl11, C12
Lemma 1 For a given resource allocation matrix
[°, p'], the primary problem PO is transformed into
problem P2, which is a convex programming problem
with optimal solution expressed as
[ oy e
2
gEgO ceC |hg,c,0|

22!

€GO ceC
L geg 0

r NOBO Prax
2.0
gegl ceC |hg,c,i

22!

egl ceC
L geg 0

,Yo e MO:

ﬁo: Lo

pi=|L; Vie M

an

where [x]z represents the Euclidean projection of x on
[a, b]. The tags of L, and L; are introduced to satisfy
the following formula:

2By Y UQ . g

geg0 ceC

Z Zpg,c,o +w

gego ceC

2B Y Y Wy . Pgeci

gegl ceC

Z Zpg,c,i +w

gegl ceC

L, =

2!

0 ceC
g§egme (12)

L =

22!

gegl ceC

where ﬁg’c, ng,C,
Appendix for details of Lemma 1.

If a feasible solution exists for P1, it is then
determined by Cg .. In order to conveniently determine
the feasibility of the above problem, we establish the

following model:

and w are Lagrangian multipliers. See

Polhg.c.ol®
2:,05,,&030105;2 (l+ﬁ

__ 0eMO

P3.1: maxC? =
b0 g Kgc

subject to (13)

C3: YD peeo < 1.Yoe M

gego ceC
C5.1% 1 0< pgco <(1—y),Yoe MO Vgeg®

2
Di |hg,c,i
Zpg,c,iBOIng 1+N—B
0D0
jem!
P3.2: max Cé,c = e
14 | g,c

(14)
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subject to

Cd: Y > peci <1,VieM;

geglceC

C52%: 0< peei <y, VieM Vgedglcel
where y represents the parameter restricting the scope
of the decision variables to meet the Constraint 5 in
P1. The optimal solutions of P3.1 and P3.2 can help
determine if the inequality relations in Constraints 1 and
2 are true, respectively, which are necessary conditions
for that P1 has a feasible solution.

6 Resource Allocation Algorithm

To solve the optimization problem with a low
computational complexity, we introduce PDEM scheme
to dynamically allocate wireless resources under user
QoS constraint, as discussed below.

For the first step of the PDEM scheme, shown
in Algorithm 2, cell edge subchannel allocation is
employed. A pair of [g,c] achieving the lowest data
rate is then selected. Thereafter, cell edge subchannel
o* achieving the maximum data rate is allocated to
the chosen pair [g, ¢]. Finally, the available cell edge
subchannel set and data rate are updated. The iteration
will stop if the QoS requirements of all the users are
satisfied. For the second step, cell center subchannel
allocation is applied, which follows a process similar to
that of the first step. After obtaining the subchannel
allocation results under equal power assumption for
all subchannels, the optimal power is calculated using
Eq. (11) and reallocated to subchannels.

Complexity analysis: In Algorithm 2, the iterations of
the first while loop (Lines 1-16) are limited by the scale
of the cell edge subchannel set and cell edge geographic
stream set. Two extreme cases are considered below.
In the first case, the system has limited frequency
resources where all the cell edge subchannels cannot
satisfy the QoS requirements of all the cell edge groups.
In the second case, the system has sufficient frequency
resources where any cell edge subchannel can satisfy
the QoS requirements of all the cell edge groups. In
the first case, a subchannel is deleted (Line 11) after
allocation, thus resulting in at most |M?O] iterations.
In the latter case, a pair of cell edge geographic
streams is removed (Line 14) after satisfying the QoS
constraint, thus leading to at most |Og | iterations.
Moreover, the first for loop (Lines 6-8) results in
|MO] iterations. Because cell center subchannel
allocation (Lines 17-32) is similar to cell edge
subchannel allocation, the computational complexity

Algorithm 2  Partial Frequency Reuse Diversity based

Energy-Efficient Multicasting

Require:
Required data rate of stream-c in area-g: Cg ¢
Achieved data rate of stream-c in area-g: rg
Cell edge geographic stream set: Og ¢
Cell center geographic stream set: Zg
Available cell edge subchannels index set: M©
Available cell center subchannels index set: M!

Ensure:

1. while (Og.. # @) && (M° # @) do

2 Find [g*, ¢*] < arg min { min —— &< —
[g ] ggego cec (l_tg‘c)cg.c
rg*.c*

3 if 1 < —~F—=C——— then
(l_té’*‘(r*)cg*,c*
Jump out of the while-loop
end if
for each 0 € MO do
Calculate Rg+ ¢+ , by Eq. (3)
end for
Find [0™] < arg max {Rgx ¢* o}.
oeMO

R A

10:  Allocate 0™ to [g*, ¢*].
1:  Update M° < MO\ o*.
122 Update rg« ¢+ <= rgx ¢ + Rgx cx ox.

13 if1 < ——8"<*  then
(l—tg*‘c*)Cg*'C*

14: Delete pair Og o = Og.c \ [g*. "]

15:  end if

16: end while
17: while (I » # 9) && (M' # @) do
18:  Find [g*, ¢™] < arg min {mi

n I'g.c
gegl | cec (1=tg.c)Ca.c
Vg*'(‘*

19:  if1 < (= Taw then
20: Jump out of the while-loop
21:  end if

2. foreachi € M'do

23: Calculate Rg+ -+ ; by Eq. (3)

24:  end for

25:  Find [i *] <= arg max {Rg* ¢* ;}.
ieM!

2. Allocate i * to [g*, ¢™].

27: Update M! & M\ i*.

28:  Update rgx cx <= rg* cx + Rgx v j*.
rg*'(‘*

20 ifl < —=5=<_— then

! (l—lg*.f*)cg*‘c*
30: Delete pair Ig o = Ig.c \ [g*, ]
31 endif

32: end while

of PDEM is O(IM°||L°| + |MY|LY]), where
|£°] = max(IMO|,|Ogc|) and |L!| = max(|M],
|Zg c|) denote the maximum number of iterations in the
two extreme cases.

7 Performance Evaluation

The performance of multicasting-enabled PFR network
with MVV is simulated to investigate multicast group
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formation and wireless resource allocation. First, the
multicast group formation scheme CPDG and PD are
investigated from three perspectives: the probability
of at least one PD user, the average number of PD
users, and the average number of groups. Second,
the proposed PDEM scheme is compared with the
optimal solution to analyze its performance in terms of
throughput, power consumption, and energy efficiency.

In the MVYV, different numbers of users and
cameras are considered. Further, PFR(x/y) denotes
the cell center occupying x subchannels over y total
subchannels. Three schemes OPT, ReOPT, and PDEM
are compared. Specifically, OPT stands for the optimal
solution of P1 solved by CVX?" Because the value
of subchannel allocation indicator p solved by OPT can
be decimal, a suboptimal scheme ReOPT is proposed
to obtain integer subchannel allocation results for a
real network by rounding the value of p calculated
from OPT to an integer O or 1. The subchannel and
power allocation processes operate iteratively in OPT
and ReOPT schemes. Therefore, another suboptimal
scheme PDEM is used to eliminate iterations and reduce
computational complexity when compared with the
OPT and ReOPT schemes.

Figure 1 shows the requesting probability for
each stream under different Zipf distribution
parameters. FEight camera streams are present in
the MVV. Streams 1 and 8 are the most and the least
popular streams. Namely, the larger the stream ID, the
less popular the stream. In Fig. 1, an increasing gap
in requesting probability can be seen between the most
and the least popular streams as the value of s increases.
Therefore, as the value of s increases, the requesting
probability is higher for playing more popular streams.

Figure 2 shows the probability that there exists at
least one PD user requesting the c-th popular stream,

0.7

—— 5=0
N —A— =1
0.6 —F— 5=2
0.5
>
=04}
_{.é Z
O
203
A~
0.2
3
O Y A~ .4
1 2 3 4 5 6 7 8
Stream 1D

Fig.1 Request probability for each stream.

1 S 43 6 7 8
Stream 1D

Fig.2 Probability of at least one PD user versus stream ID.

i.e., PPD.. For different values of parameter s, the
number of cell center users U and number of cell
edge users V' are considered. For the same number of
users, an increasing gap of probability exists between
the most and the least popular streams as the value of
s increases. This is in accordance with the results of
Fig. 1. Moreover, the probability for each stream under
(U =15,V = 15) is higher than that under (U = 5,
V = 25), thus indicating that the closer the number of
center and edge users, the higher the probability of at
least one PD user for each stream.

Figure 3 shows the average number of PD users for
each stream, i.e., NPD,. Different Zipf parameters
s and three cases of user distributions (U =5,V =
25), (U =15,V =15), and (U =25,V =5) are
considered. The increase in the number of center users
U results in a larger gap between the number of users
of the most and the least popular streams. Moreover,
the difference in number of users between the most and
the least popular streams increases as the value of s

18
—¥— U=5, V=25, 5=0

16 —h— U=5, V=25, s=1

” —h— =5, V=25, s=2

514 —A— =15, V=15, s=0

5 —A— =15, V=15, s=1

212 —A— =15, V=15, s=2

5 —— U=25, V=5, 5=0

5104 —— U=25, V=5, 5=1

2 W —F— U=25, V=5, s=2

E 8

a

Q

on

<

g

<

Stream 1D

Fig. 3 Average number of PD users versus stream ID.
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increases.

Figure 4 shows the variation in average number
of PD users NPD, versus the number of cameras.
Eight MVVs are considered, and each MVV has 1-8
cameras. The results show that the number of PD users

35
@ —4— U=5,1=25,5=0 —— U=25, V=5, s=0
S —k— U=5, V=25,5=1 —— U=25, V=5, s=1
=30t —h— U=5, =25, 5=2 =g U=25, V=5, s=2
= —A— U=15, =15, s=0
© —A— =15, =15, s=1
S 25% —A— =15, V=15, s=2
520+ ve
a
=9}
B 154 ¢
2
Eiof
a
(]
on
g o o i ¢ — —
z
0
1 2 3 4 5 6 7 8

Number of cameras
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increases as the number of center users U increases.
Moreover, significant difference can be seen between
the number of users in cases of 1 camera and 8 cameras,
with more center users.

Figures 5 and 6 show the variation in total number
of center and edge groups with number of cameras.
Eight MVVs are considered, and each MVV has 1-
8 cameras. Different values of parameter s and three
cases of user distributions (U =5,V =25), (U =
15,V = 15), and (U = 25,V = 5) are considered. As
can be seen in Fig. 5, the number of center groups
increases as the value of s decreases. Moreover, the
number of center groups increases as the number of
center users increases. Figure 6 shows that when the
PD users are served by cell edge, the number of edge
groups increases as the value of s decreases. Moreover,
the smaller the number of center users, the larger the
number of edge groups.

Figure 7 shows the variation in throughput, transmit
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Fig. 6 Number of groups versus number of cameras with cell edge served PD users.
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Fig.7 Throughput, power, and energy efficiency against various numbers of users.

power, and Energy Efficiency (EE) with total number of
users for the three schemes. Different frequency usage
policies PFR (x/y) are considered. The results show
that when the system power consumption is optimized,
the transmit power of PDEM scheme is similar to that
of the optimal scheme OPT. Moreover, the throughput
of the PDEM scheme is lower than that of the ReOPT
scheme but higher than that of OPT scheme. Therefore,
the proposed PDEM scheme achieves close-to-optimal
performance.

Figure 8 shows the variation in performance of
the PDEM scheme in terms of throughput, transmit
power, and EE with number of groups under different
frequency usage policies PFR (x/y) and numbers of

users K. The transmit power results show that as
the number of groups increases, the transmit power
gradually increases to the maximum value. Thereafter,
the throughput decreases as the number of groups
increases because the maximum power is shared by
increasing number of groups. Therefore, the throughput
of each group will decrease as a result of smaller
allocated power. Moreover, as the number of users
increases, the number of users in each group increases,
thus resulting in enhanced throughput.

8 Conclusion

In this study, we analyzed service-oriented multimedia
traffic scheduling in wireless cellular networks with
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PFR. First, to allocate users to multicast groups, a
CPDG scheme was proposed using PD. Subsequently,
we formulated an optimization problem for wireless
resources allocation with the aim of minimizing
network power consumption under QoS constraint,
which was then relaxed to two suboptimal problems and
solved using Lagrangian function. Thereafter, to solve
the optimization problem with reduced computational
complexity, a PDEM scheme was proposed by
dynamically allocating wireless resources in PFR-
enabled networks. The simulation results show that
the number of cameras in an MVV influences the
number of PD users. Further, the numbers of groups in
different cell regions are related to both Zipf distribution
parameters and the cell regions of PD users. Moreover,
the proposed PDEM scheme can achieve a close-to-
optimal performance.

Appendix
Proof Problem P2 is equivalent to problem P2*
through deformation of equation.
P2": min P = P(@®) + Po(p") (15)
subject to
C1*: Lg,c <0,Vge GO ceC;
Cc2*: Lfg,c <0,VgeGlcel;
c8: LY <o;

C11:0 < po < Prax. Yo € M©;
C12:0 < pi < Prax, Vi € MY

where we define the following tags:
Loc =(1- tg,c)cg,cvcg,cl

— Y PgeoBolog 1+—p"|h“f’”"’|2
g,c,0D0 2 NOBO s

0eMO

Li,,c =(1—tg,c) Cg.clKg.cl

Pi|hg,c,i 2
- E Pg.c.iBology | 1 + —N B )
iem! 020

Z Po‘FZP:— max-

0eMO iemMl o )
Let us consider that the objective function and all

the above tag functions in problem P2* are convex
functions. We can then conclude that the equivalent
problem P2 is a convex programming problem.

On the basis of the above fact, we can use
KKT conditions to solve problem P2* to obtain the
optimization solution. First, we define the Lagrangian
function L : RM°+M 5 R agsociated with problem
P2 as follows:
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L([Po’pl]v [uo’ul], w) = Ptgt(po) + Pt{)t(pl)_

0 ;0 I P
DD ugelge= D) gLy, tw-L
g€go ceC gegl ceC
(16)
where u ., uy ., and w are Lagrangian multipliers.

Particularly, we define u® = [u9 .]jgojx|co| and u' =
[u}g’c]|gl|x|cl‘ as the Lagrangian multiplier matrix. For

Yo € MO and Vi € M, we obtain

aL _
B = DL D Prco
geg0 ceC
—~0 Pg.c,0Bo-1n2
Z Z Ug.c NoBy T W
1 + 0B0o
gegO ceC pO ‘hg,c.()lz (17)
aL _ o
b= 2D Peei
gegl ceC
S Y Lreibodn?
Uge Z. 4+ NoBg
gegieec  PiTy P

Let dL/dp, = 0 and 8L/8p, = 0, then

g€eg0 ceC ot 2

|hgco| gego cec
1 PgeiBo-1In2
IPICHLTL IS S P
gegicec  DPi |hees? €9 c<C

(18)
For the sake of simplicity, we can assume that

>3 U9 pgcoBoIn2
g€ego ceC
NoBg ~ ’
Dot 2 NoBo
hg.c.c
il ) ol (LN
gego ceC g,C,O

Z Z Ug cPg.c.i Bp-In2

Z ~0 Pg,c,oB0'1n2N

Uge~

gego ceC

Z oL Pg.ciBo-1n2 %gegl ceC
8:¢ ~ NoB
geglceC pi + ﬁ Z Z ( NoBy )
geglceC |hgcz|
(19)

According to Eq. (19), Eq. (18) can be revised as
follows:

In2By Y X;ﬁg,c “Pg.co

Oce
Z Zg:eg( o ) = ggg:ogpg,c,o +w,
sego et |hgco|2
In2B, 2;5‘4&“ Pgci
Z gez B ) = égg:l;pg,c,i +w
geot eet T el

(20)
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Through deformation of Eq. (20), Lemma 1 is proved to
be true. |
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