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Energy-Efficient Scalable Video Multicasting for
Overlapping Groups in a Mobile WiMAX Network
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Abstract—Scalable video coding, together with adaptive modu-
lation and coding, is a promising technique for providing real-time
video multicast services on mobile stations (MSs) in heteroge-
neous channel conditions. On the other hand, since MSs are often
powered by batteries, reducing the energy consumption of mobile
devices is an important concern. In this paper, we study the prob-
lem of scalable video multicast scheduling in a mobile worldwide
interoperability for microwave access (WiMAX) network with the
objective of maximizing the multicast energy throughput. This
problem has never been seriously studied when the assumption
that different multicast groups may partially overlap is made. We
prove that this problem is NP-complete. Our proposed solution,
which is called energy-efficient multicast scheduling with adaptive
modulation and coding (EEMS-AMC), consists of three modules,
namely, online admission control, base-layer data scheduling, and
enhancement-layer data scheduling. The admission control rules
not only help the base station to admit the maximum number of
video streams but ensure that the video data can be delivered to
mobile users within the timeliness requirement as well. Moreover,
EEMS-AMC adopts the greedy strategy to schedule base-layer
data such that even in the worst-case scenario, the average duty
cycle of admitted MSs can be within a bounded factor from the
theoretical minimum. Finally, EEMS-AMC employs the metric
“expected multicast throughput” to derive the proper modulation
and coding scheme for each enhancement-layer data and employs
the metric “marginal multicast energy throughput” to efficiently
derive near-optimal enhancement-layer data scheduling. Simu-
lation results exhibit that EEMS-AMC achieves relatively good
performances in terms of multicast energy throughput and nor-
malized total utility.

Index Terms—Adaptive modulation and coding (AMC), IEEE
802.16m, multicast scheduling, NP-complete, power saving,
scalable video coding (SVC), worldwide interoperability for
microwave access (WiMAX).

I. INTRODUCTION

THE international standard for wireless metropolitan area
networks, i.e., IEEE 802.16 [7], which is now called fixed

worldwide interoperability for microwave access (WiMAX)
[21], provides several quality-of-service (QoS) mechanisms to
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Fig. 1. Simplified superframe structure in the IEEE 802.16e/m TDD system.

support high-speed wireless access for fixed subscriber stations.
IEEE 802.16e [8], which is also known as mobile WiMAX [21],
enhances the original standard by additionally addressing the
issues of mobility management and power conservation for mo-
bile stations (MSs). The QoS mechanisms specified in 802.16/
802.16e include automatic repeat request, various bandwidth
request mechanisms (e.g., unsolicited bandwidth grants and
bandwidth stealing), and uplink scheduling services for differ-
ent connection classes (e.g., unsolicited grant service, real-time
polling service, extended real-time polling service, nonreal-
time polling service, and best effort). For a more detailed de-
scription about QoS provision in WiMAX, see [7], [8], [18],
[22], [25], and [26]. Clearly, these QoS mechanisms are mainly
designed for unicast traffic. One of the major applications driv-
ing the success of WiMAX is video streaming [6], which is
based on the ability to simultaneously multicast the same video
contents from the base station to a group of users, thus reducing
bandwidth consumption. To achieve this goal, 802.16e defines
the multicast and broadcast services (MBS), and the next-
generation WiMAX standard, i.e., 802.16m [9], which is also
known as WiMAX-Advanced [21], further defines the enhanced-
MBS (E-MBS).

A. Network Model and Problem Statement

Our considered network architecture is similar to the works
in [3], [6], [19], and [24]. Specifically, in a WiMAX cell, the
video server forwards the video stream to the base station,
which then helps broadcast that video data to the multicast
members. We assume that the base station and the video server
are interconnected by wired networks, which are not the bottle-
neck; accordingly, we focus only on the transmissions between
the base station and the multicast members. Referring to Fig. 1,
in the 802.16e time-division duplexing (TDD) system, time
is divided into fixed-sized frames. Each frame starts with a
preamble, followed by the MBS zone, and then a sequence of
unicast bursts. The MBS zone is set aside for multicast-only data
[8]. In 802.16m, a superframe further consists of N frames.
Prior to the start of each superframe, the base station broadcasts
the E-MBS MAP message, which specifies the schedule of
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multicast data in the upcoming superframe. On the other
hand, since MSs are generally battery powered, reducing the
power consumption of mobile devices is an important concern.
802.16e has defined different sleep-mode operations to facili-
tate energy conservation for MSs. When the sleep mode is ena-
bled, an MS has two states: the awake state and the sleep state.
If an MS has requested to receive multicast data, and its request
was granted (by the base station), then upon examining the
E-MBS MAP, that MS can know which frames (in a super-
frame) it should wake up to receive its requested data and which
frames it could switch to the sleep state [3], [9]. In the sleep
state, an MS consumes very low power [5], [8].

The current video codec technologies [16] enable the base
station to adjust the video bit rate on the fly according to the
available bandwidth so that the best possible streaming quality
can be achieved in time. Specifically, the scalable video coding
(SVC) scheme [16] divides a video stream into one base layer
and one or multiple enhancement layers. The base layer that
contains the data with the most important features of the video
can deliver acceptable quality. The enhancement layers include
additional data that can be combined with the base layer to
refine the video quality. Definitely, the more video layers an MS
has received, the better video quality the mobile user may per-
ceive. On the other hand, 802.16e/m supports a variety of mod-
ulation and coding schemes (MCSs) and allows these MCSs to
be changed on a packet-by-packet basis, depending on the chan-
nel conditions. Hence, we can apply different MCSs on differ-
ent layers of the scalable video sequence such that the users in
bad channel conditions receive only base-layer data via a lower
physical layer (PHY) rate, whereas the users in good chan-
nel conditions can receive additional enhancement-layer data
via a higher PHY rate. Such a concept is called opportunistic
multicast [6], [13].

In this paper, the problems we want to study can be formally
stated as follows. Let the multicast group MS(si) be the set of
MSs that all operate in the sleep mode and request to see the
same video si stored in the video server. We assume that the in-
tersection of MS(si) and MS(sj) may be nonempty, where si �=
sj . Moreover, each video is encoded into one base layer and
one enhancement layer. Clearly, the maximum MBS zone size
of each frame is limited, and the video data have the timeliness
requirement. The base station should first determine whether a
requested video1 can be admitted. If so, we must ensure that the
base-layer data of that video can be scheduled, and the delay
requirement of that video data can be met. Once videos have
been admitted, the base station schedules the data of admitted
video streams on a superframe-by-superframe basis. Then, the
base station wants to determine which video data should be
allocated in which frame in a superframe via which MCS such
that the multicast energy throughput in a WiMAX cell can be
maximized. We define the multicast energy throughput as the
ratio of the normalized multicast throughput to the average

1Note that the admission control function residing in the base station is in
charge of deciding whether a call should be accepted or rejected. However, in
this paper, we focus only on the call that requests to see a video. Thus, for
writing convenience and without ambiguity, the phrases “a call is admitted”
and “a requested video is admitted” have the same meaning. Note that an MS
is called an admitted station if at least one of its requested videos is admitted.

duty cycle of admitted MSs, where the normalized multicast
throughput [3] is defined as the ratio of the amount of admitted
video data received by admitted MSs to the amount of admitted
video data requested by admitted MSs, and the duty cycle of an
admitted station is the minimum fraction of time during which
that MS must stay awake. We call this problem the maximum
multicast energy throughput scheduling (MMES) problem.

B. Our Contributions

The tradeoff between energy conservation and multicast
throughput can be explained as follows: Since the enhancement
layer is optional, the base station can schedule only base-layer
data of admitted videos. This way, MSs can save more power.
However, in such circumstances, all mobile users are unable to
enjoy high video quality. In the literature, several video mul-
ticast scheduling algorithms for a WiMAX network have been
proposed. While some of them try to minimize the total power
consumption [24] or maximize the multicast throughput [3], we
try to strike the right balance between multicast throughput and
energy conservation. While some [11] of them try to maximize
the total utility of all users, we believe that the metric “multicast
energy throughput” is more objective than “total utility” since
different users may have different utility functions.

Specifically, the contributions of this paper are as follows. We
formally prove that the MMES problem is NP-complete (see
Section III-B). To deal with the MMES problem, we propose
a cross-layer solution, which is called energy-efficient multi-
cast scheduling with adaptive modulation and coding (EEMS-
AMC), which consists of three components: online admission
control, base-layer data scheduling, and enhancement-layer
data scheduling. By means of admission control and the re-
striction of superframe length, EEMS-AMC guarantees that the
base-layer data of admitted video streams can be delivered to
mobile users in a timely way. Then, EEMS-AMC employs the
greedy strategy to schedule the base-layer data such that, in
a superframe, the total number of frames in which admitted
stations need to wake up to receive their base-layer data is
always within a bounded factor from the optimal value. Finally,
EEMS-AMC employs the metric “expected multicast through-
put” to derive the proper MCS for each enhancement-layer data
and adopts the metric “marginal multicast energy throughput”
to derive near-optimal enhancement-layer data scheduling. Ex-
tensive simulation results show that EEMS-AMC outperforms
existing related schemes [2], [3] in terms of multicast energy
throughput and normalized total utility.

The rest of this paper is organized as follows. The related
work is presented and discussed in Section II. In Section III,
we describe EEMS-AMC in detail. Extensive simulations are
conducted in Section IV. Section V concludes this paper.

II. RELATED WORK

IEEE 802.16e defines three types of sleep-mode operations,
which correspond to three power-saving classes (PSCs), to
meet the different characteristics of traffic flow [8]. The PSC
of Type I is designed for nonreal-time unicast flow. The PSC
of Type II is designed for real-time unicast flow. The PSC of
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Type III is designed for management operations, which can
be considered to be a supplementary PSC to support the
multicast of nonreal-time control packets [5], such as NBR-
ADV (neighbor advertisement). Obviously, none of these three
PCSs are designed for real-time multicast flow. In the literature,
based on the concept of opportunistic multicast, several energy-
efficient video scheduling algorithms [11], [13], [19], [24] have
been proposed. In [13] and [24], general cellular networks are
targeted, whereas those in [11] and [19] are targeted specifically
for WiMAX networks. Liu et al. in [13] proposed an energy-
efficient opportunistic multicast scheduling, in which the base
station broadcasts the scheduled-user set at the start of each
slot. The scheduled-user set is initially empty, and the base
station iteratively adds an MS into it according to the priority
of an MS until the amount of data that will be received by
the scheduled users reaches the predefined threshold. Upon
examining the scheduled-user set, the MSs that are not in it can
enter the sleep state, thus saving power. In [24], energy-efficient
video multicast scheduling with the objective of minimizing
the total awake time of MSs is proposed, and it is proven
that this problem is NP-hard; then, approximation algorithms
are proposed to solve it. However, in [24], Yu et al. assume
that, in a frame, an MS can immediately switch to the sleep
state after receiving its required data, whereas we assume that
an MS needs to stay awake during the whole frame if it receives
data in that frame [3], [8]. In addition, [13] and [24] focus
the multicast scheduling on a single slot or frame, whereas
we focus the multicast scheduling on a superframe. In [11],
Kao et al. proposed two-phase interleaving multicast schedul-
ing algorithms for MSs executing sleep-mode operations of
Type-II PSC. The goal in [11] is to derive the optimal pa-
rameters of Type-II PSC for each multicast group. In [19],
Sharangi et al. proposed video multicast scheduling algorithms,
whose goal is mainly to maximize the video quality. They
reduce the power consumption of MSs by trying to put the base-
layer data and the enhancement-layer data of the same video in
the same frame. However, such an energy-saving scheme offers
no help when the base station admits a lot of video streams and
only base-layer data can be scheduled.

It is important that we notice that the algorithms mentioned
previously [11], [13], [19], [24] are not applicable to our MMES
problem since they tried to optimize energy efficiency merely
for nonoverlapping multicast groups. When different multicast
groups partially overlap, reducing the power consumption of
one multicast group may raise the power consumption of an-
other multicast group.2 In fact, the MMES problem remains
NP-complete even if the base station schedules only base-layer
data of the same size and if the WiMAX system provides

2For example, assume that there are four multicast groups. The first group,
which is denoted G1, contains three MSs {MS1,MS2,MS3}, which want to
receive multicast data d1. The second group G2 = {MS1,MS4,MS5} wants
to receive data d2, the third group G3 = {MS4,MS5,MS6} wants to receive
data d3, and the fourth group G4 = {MS7,MS8} wants to receive data d4.
Assume that the MBS zone in a frame can hold only two data. If we hope that
the members in G1 can save the energy most, the base station should put d1
and d2 in a single frame and d3 and d4 in another frame. In this case, the
total number of frames where MSs need to wake up is 10. However, if the base
station puts d1 and d4 in the first frame and d2 and d3 in the second frame,
eight MSs, in total, need to wake up only nine frames.

only one MCS (see Section III-B and D). In other words,
the hardness of the MMES problem stems from one of the
key factors that multicast groups may partially overlap. To
the best of our knowledge, this paper is the first to seriously
address the energy-efficient video multicasting for overlapping
multicast groups. Although [3] and our previous paper [2]
have studied the best-effort data multicasting for overlapping
multicast groups, the hardness of scalable video multicasting
is higher than that of best-effort data multicasting. The reasons
are as follows. The base station should first schedule base-layer
data since they are mandatory. Assume that multicast groups do
not overlap, all base-layer data have been scheduled by a best-
effort data multicasting algorithm, and some frames in a
superframe still have enough room to accommodate some
enhancement-layer data. Since the WiMAX system provides
several MCSs and different enhancement-layer data may have
different sizes, how to schedule these enhancement-layer data
via appropriate MCSs in the residual MBS zones such that
a WiMAX cell has maximum multicast energy throughput is
similar to the multiple-knapsack problem3 [4], which is NP-
complete, and, thus, suffers higher computational complexity.

III. ENERGY-EFFICIENT MULTICAST SCHEDULING WITH

ADAPTIVE MODULATION AND CODING

To deal with the MMES problem, we propose a simple yet
novel solution, named EEMS-AMC, which consists of three
components: online admission control, base-layer data schedul-
ing, and enhancement-layer data scheduling. Importantly,
EEMS-AMC requires that 1) the duty cycle of each MS can
be different and that 2) each video data can be sent via different
MCS in a frame but can be sent only once in a superframe.

A. Online Admission Control

In 802.16, when an MS wants to see to a video stream,
it should first send the dynamic service addition request
(DSA-REQ) packet to the base station [7]. If that video stream
has yet to be admitted, the base station connects to the video
server to fetch the information about the data generation rates
of that video stream, including the base-layer data rate and the
enhancement-layer data rate, which are assumed to be constant
[6]. Then, the base station performs the admission control and
replies the dynamic service addition response (DSA-RSP)
packet telling whether it admits that video stream or not. The
following theorem presents the online admission control rules
of EEMS-AMC.

Theorem 1: Assume that a superframe consists of N frames.
Let F be the frame length, Z be the maximum MBS zone size
of each frame,Rmin be the minimum PHY rate, and 1bit_time be
the time to broadcast one bit using rate Rmin. Assume that the
base station has admitted n− 1 video streams, which are de-
noted by s1, . . . , sn−1, and an MS requests to see a new video

3In the multiple-knapsack problem, we are given a set of n items and a set
of N knapsacks. Each item si has a profit p(si) and a weight w(si), and each
knapsack has a capacity zi. The problem is how to select N disjoint subsets
of items and assign them to different knapsacks such that the profit sum of the
selected items is maximized under the constraint that the total weight of each
subset cannot exceed the capacity of its corresponding knapsack.



6406 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 8, AUGUST 2016

Fig. 2. Scenario where zi < (λBL
n ×N ×F )/Rmin for all 1 ≤ i ≤ N .

stream sn. Let λBL
i > 0 be the base-layer data rate of video

stream si, where 1 ≤ i ≤ n. If the following inequalities are
all satisfied, the base station admits video stream sn and en-
sures that the base-layer data of all admitted videos can be
successfully held in a superframe regardless of how these data
are scheduled. Otherwise, the base station rejects the request of
that MS. Thus

N × F × λBL
n

Rmin
≤ Z (1)

N × F ×
∑n

i=1 λ
BL
i

Rmin
≤ Z ×N (2)

Z ×N − N × F ×
∑n−1

i=1 λBL
i

Rmin

≥ N ×
(
N × F ×max1≤i≤n

{
λBL
i

}
Rmin

− 1bit_time

)
. (3)

Proof: Since an MS may move, the channel quality be-
tween itself and the base station may vary over time [23]. Thus,
in the proof, we consider only the worst case where the base
station needs to use the most robust MCS (and, hence, the
minimum PHY rate) to broadcast all video data to mobile users.
Clearly, to watch a scalable video, the base layer is mandatory,
whereas the enhancement layer is optional. Thus, if video
streams s1, . . . , sn are all admitted, the base station must ensure
that it can use the minimum PHY rate to send the base-layer
data of these streams within a superframe. Since the superframe
length is N × F and the base-layer data rate of video stream si
is λBL

i , the amount of base-layer data of si, which is denoted by
size(sBL

i ), that must be sent in a superframe is N × F × λBL
i .

Inequality (1) is used to ensure that the base-layer data of sn can
be held in a frame, and (2) is used to ensure that the base-layer
data of s1, . . . , sn can be held in a superframe.

On the other hand, although EEMS-AMC requires that each
video data can be broadcast only once in a superframe, it does
not enforce which frame in a superframe the video data must
be placed. Hence, referring to Fig. 2, it may happen that after
the base-layer data of video streams s1, s2, . . . , sn−1 have been
scheduled, the base-layer data of sn cannot be held in any frame
even if zi > 0 and

∑N
i=1 zi ≥ (λBL

n ×N × F )/Rmin, where
zi denotes the residual MBS zone size in frame i. Note that
in Fig. 2, we show only the “MBS zone part” in each frame. To
avoid the occurrence of such an unfortunate scenario, inequality
(3) must hold.

In what follows, we prove (3) by contradiction. Assume
that there exists a scheduling algorithm, called X , which is

unable to schedule the base-layer data of some k video streams,
which are denoted by si1 , si2 , . . . , sik , when video stream sn is
admitted, where S′={si1, . . . ,sik}⊆{s1, . . . , sn}. Let Γ=Z ×
N−(N×F×

∑n
i=1λ

BL
i )/Rmin. This assumption implies that

after the base station performs X , the total residual MBS zone
size in a superframe Tavailable is Γ+

∑k
j=1time(sBL

ij
), where

time(sBL
ij

)=(N×F×λBL
ij

)/Rmin. Furthermore, since the
base-layer data of every video stream in S′ cannot be put in
any frame in a superframe, this implies that Tavailable = Γ +∑k

j=1 time(sBL
ij

) ≤ N × [time(sBL
ij

)− 1bit_time] for all 1 ≤
j ≤ k. Hence, we have

Tavailable ≤ N ×
[
min
1≤j≤k

{
time

(
sBL
ij

)}
− 1bit_time

]
. (4)

On the other hand, a video stream will not be admitted if (3)
is not satisfied. Since sn can be admitted, this implies that

Γ =Z ×N − N × F ×
∑n

i=1 λ
BL
i

Rmin

≥N ×
(
N × F ×max1≤i≤n

{
λBL
i

}
Rmin

− 1bit_time

)

− N × F × λBL
n

Rmin

≥N ×
(
N × F ×max1≤i≤n

{
λBL
i

}
Rmin

− 1bit_time

)

−
N × F ×max1≤i≤n

{
λBL
i

}
Rmin

=(N − 1)×
N × F ×max1≤i≤n

{
λBL
i

}
Rmin

−N × 1bit_time.

(5)

Accordingly, we have

Tavailable =Γ+
k∑

j=1

time
(
sBL
ij

)
≥ (N − 1)×

N × F ×max1≤i≤n

{
λBL
i

}
Rmin

−N × 1bit_time +

k∑
j=1

time
(
sBL
ij

)
> (N − 1)× min

1≤j≤k

{
time

(
sBL
ij

)}
−N × 1bit_time + min

1≤j≤k

{
time

(
sBL
ij

)}
=N ×

[
min
1≤j≤k

{
time

(
sBL
ij

)}
− 1bit_time

]
. (6)

Clearly, (4) and (6) contradict each other. This implies that the
scheduling algorithm X does not exist. �

Now, we show how to determine the superframe length such
that every newly generated base-layer data of an admitted video
stream can be delivered to mobile users within the timeliness
requirement. Assume that the tolerable delay of video data is
Tdelay, that is, the video data generated from the video server
and cannot be sent within Tdelay is considered useless and will
be dropped by the base station.
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Fig. 3. Relationship between the superframe length and the tolerable delay of
video data.

Referring to Fig. 3, assume that the base-layer data sBL of an
admitted video stream s is generated at time t1 + �, where
0<�<F . Unfortunately, prior to this time, the base station has
already announced the schedule of multicast data for the ith
superframe. Since s is admitted, by Theorem 1, we can guar-
antee that even in the worst case, the base-layer data sBL can
be sent before time t2. Thus, by limiting the superframe length
N×F ≤ Tdelay/2, we have delay= t2−(t1+�)≤2×N×F −
(F− Z) < Tdelay.

B. Problem Hardness

Before presenting our scheduling algorithms to the MMES
problem mentioned in Section I-A, we first show its NP-
completeness by a reduction from the minimum graph equipar-
tition problem [4], which is known to be NP-complete.

Theorem 2: MMES problem is NP-complete.
Proof: The minimum graph equipartition problem is de-

fined as follows: Given an integer N ≥ 3 and a graph G =
(V,E) with |V | = k ×N , is there a partition of vertex set V
into N equal-sized disjoint subsets V1, . . . , VN such that the
sum of edges connecting different subsets, which is denoted by
ω, is, at most, W ?

Given an instance I of the minimum graph equipartition
problem, we show how to construct an instance I′ of the MMES
problem in polynomial time such that the instance I has a
solution {Vi}1≤i≤N that satisfies |Vi| = k and ω = W if and
only if in the instance I′, there exists a scheduling of |V | ad-
mitted scalable videos whose multicast energy throughput can
be at least N |E|/(W + |E|), where |E| is the number of MSs
in the instance I′. The construction procedure is as follows.
Let λBL

i = λBL and λEL
i =λEL for all 1 ≤ i ≤ |V |. We

have size(sBL
i ) = size(sBL) = λBL ×N × F and size(sEL

i )=
size(sEL)=λEL×N×F . Assume that the channel quality of
every mobile user is poor such that the base station must
use the minimum PHY rate Rmin to broadcast all video data.
Thus, we have time(sBL

i ) = time(sBL) = size(sBL)/Rmin

and time(sEL
i ) = time(sEL) = size(sEL)/Rmin. Let Z = k ×

[time(sBL) + time(sEL)] be the maximum MBS zone size of
each frame. By such a configuration, we ensure that all base-
layer and enhancement-layer data can be scheduled in a super-
frame. Let F = Z +Δ be the frame length, where Δ > 0 is
the minimum size to hold unicast bursts. Clearly, given Tdelay,
we can configure the values of Δ, λBL, and λEL such that
N × F ≤ Tdelay/2. Under such circumstances, the delay re-
quirement of every video stream can be met.

Now, we associate a video stream si with each vertex ui ∈ V
and an MS MSi with each edge ei ∈ E. Moreover, given an
edge ei = (ui1 , ui2), we assume that MSi requests to see two
videos si1 and si2 . Since we have ensured that every MS can

receive its requested base-layer and enhancement-layer data,
maximizing the multicast energy throughput is, thus, equivalent
to minimizing the total numberW of frames in which MSs must
stay awake in a superframe. Since the base layer is mandatory,
the best way to schedule the data of video streams is to put the
base-layer data and the enhancement-layer data of a video in the
same frame, thus minimizing the value of W . In a superframe,
each MS MSi needs to wake up either once, if the video data
of both si1 and si2 are scheduled in the same frame, or twice,
if the video data of si1 and si2 are scheduled in different
frames. Let W be the number of MSs that wake up twice in
a superframe. We have W = W + |E|. Let s(Fi) be the video
streams whose data are placed in the ith frame and s−1(Fi)
be the set of vertices that associate the video streams in s(Fi).
Thus, in the instance I′, if we can schedule |V | admitted videos
such that the multicast energy throughput is N |E|/(W + |E|),
then the instance I has the solution Vi = s−1(Fi) that satisfies
|Vi| = k and ω = W . On the other hand, let s(Vi) be the video
streams that associate the vertices in Vi. If the instance I has a
solution {Vi}1≤i≤N that satisfies |Vi| = k and ω = W , then in

the instance I′, the multicast energy throughput can be at least
N |E|/(W + |E|), for example, by letting s(Fi) = s(Vi). �

C. MCS for Base-Layer Data

Since the base layer is mandatory, the base station must use
the MCS that is robust enough to send the base-layer data of
a video such that all multicast members can correctly receive
it. We assume that upon receiving a ranging request (RNG-
REQ) packet from the base station, an MS has to reply the
ranging response (RNG-RSP) packet [7], recording its mea-
sured downlink channel quality in terms of signal-to-noise ratio
(SNR). Given the value of SNR, the approximate bit error rate
(BER) for quadrature phase-shift keying (QPSK) or quadrature
amplitude modulation (QAM) found in [15] is given by

BER ≈ 4

(
1 − 1√

K

)
Q

(√
3 × log2 K × SNR

c(K − 1)

)
(7)

where c is the code rate, K is the signal constellation size, and
Q(x) = (1/

√
2π)

∫∞
x exp(−y2/2)dy. According to [1], for 0<

x<∞, the value of Q(x) can be accurately approximated
by Q(x)≈1/((1−ρ1)x+ρ1

√
x2+ρ2)(1/

√
2π)e−x2/2, where

ρ1 = 1/π, and ρ2 = 2π. Assume that the WiMAX system
provides r different MCSs, which are denoted by MCS1, . . . ,
MCSr, respectively. For convenience, we say that MCSi >
MCSj if the PHY rate of MCSi is higher than that of MCSj .
If the base station adopts MCSk to send data d to MS MSi, the
probability [or formally called the packet success probability
(PSP)] that MSi can correctly receive d is PSP(MSi,
d|MCSk) = [1 − BER(MCSk)]

size(d), where BER(MCSk) is
the BER of MCSk. Let θ1 be the tolerable packet loss ratio for
the base-layer data. Assume that h MSs, which are denoted by
MSi1 , . . . ,MSih , request to watch the video stream s. Clearly,
the maximum MCS that can be used to send the base-layer data
of s to MSij is MCS∗

ij
(sBL)=max1≤k≤r{MCSk|PSP(MSij ,

sBL|MCSk)≥1−θ1}. However, from (7), we can know
that under the same SNR, BER(MCSi) > BER(MCSj) if
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Fig. 4. Base-layer data scheduling algorithm of EEMS-AMC.

MCSi > MCSj . Since MSi1 , . . . ,MSih all request to watch
the video s, the base station should adopt MCS∗(sBL) to
broadcast sBL, where MCS∗(sBL) = min{MCS∗

i1
(sBL), . . . ,

MCS∗
ih(s

BL)}.

D. Base-Layer Data Scheduling

The enhancement layer is optional. When only the base-layer
data of admitted videos can be scheduled, the MMES prob-
lem still remains NP-complete4 and under such circumstances,
maximizing the multicast energy throughput is equivalent to
minimizing the total number W of frames in which MSs must
wake up in a superframe. Let m be the total number of MSs.
We observe that

W =

m∑
i=1

(number of frames in which MSi must wake

up to receive its requested base-layer data) (8)

is equal to

W =

N∑
j=1

(number of mobile stations that must wake

up to receive their base-layer data in frame j). (9)

Hence, the basic idea behind our base-layer data scheduling is
that the smaller the number of MSs that must wake up to receive
their base-layer data in each frame, the smaller the value of
W . To attain this goal, for each frame Fi in a superframe, we
iteratively find a yet-to-be-scheduled base-layer data, which is
small enough to be placed in the residual MBS zone of frame
Fi such that the increased number of MSs that must wake up in
frame Fi is minimum.

Let SBL = {sBL
1 , . . . , sBL

n } be the set of base-layer data of
video streams {s1, . . . , sn} and MS(sBL

i ) be the set of MSs
requesting to receive the base-layer data of si. Let Fi denote the

4The proof is as follows. Let MMES-B denote the MMES problem where
only the base-layer data of admitted videos can be sent. Then, in the proof
of Theorem 2, we let Z = k × time(sBL). Under such circumstances, it
can be shown that given an instance I of the minimum graph equiparti-
tion problem, we can construct, in polynomial time, an instance I′ of the
MMES-B problem such that the instance I has a solution {Vi}1≤i≤N that
satisfies |Vi| = k and ω = W if and only if in the instance I′, there exists a
scheduling of |V | admitted videos whose multicast energy throughput can be
at least [N |E| × size(sBL)]/[(size(sBL) + size(sEL))(W + |E|)].

ith frame in a superframe. Let sBL(Fi) be the set of base-layer
data that the base station plans to place in Fi and MS(Fi) be the
set of MSs that must wake up in Fi to receive their requested
base-layer data. Fig. 4 presents the base-layer data scheduling
algorithm of EEMS-AMC, whose time complexity is O(n2).
Above all, we have the following result.

Theorem 3: Under the worst case scenario (i.e., no
enhancement-layer data can be scheduled and all base-layer
data have to be sent via the minimum PHY rate), the multi-
cast energy throughput of EEMS-AMC is at least 1/α times
the optimal value, where α=(Z ×Rmin)/(min1≤i≤n{λBL

i }×
N×F ), and Rmin is the minimum PHY rate.

Proof: According to the definition of multicast energy
throughput, proving this theorem is equivalent to proving that,
under the worst case scenario, the value of W obtained by the
base-layer data scheduling of EEMS-AMC is no more than
α times the optimal value of W , which is denoted by Wopt.
Assume that the optimal schedule of the set of base-layer data
SBL = {sBL

1 , . . . , sBL
n } is to place the set of base-layer data

sBL(Fj) = {sBL
j,1 , . . . , s

BL
j,kj

} in frame j, where 1 ≤ j ≤ N ,∑N
j=1 kj = n, sBL(Fj) ⊆ SBL, and

⋃N
j=1 s

BL(Fj) = SBL.
Obviously, the value of Wopt satisfies the following inequality:

Wopt ≥ max
1≤i≤k1

∣∣MS
(
sBL
1,i

)∣∣+ · · ·+ max
1≤i≤kN

∣∣MS
(
sBL
N,i

)∣∣
=Wlower_bound. (10)

On the other hand, assume that the worst schedule of the
set of base-layer data SBL is to put the set of base-layer data
s̃BL(Fj) = {s̃BL

j,1 , . . . , s̃
BL
j,k′

j
} in frame j, where 1 ≤ j ≤ N ,∑N

j=1 k
′
j = n, s̃BL(Fj) ⊆ SBL, and

⋃N
j=1 s̃

BL(Fj) = SBL.

Let φ = max{k1, . . . , kN}. Since
⋃N

j=1 s̃
BL(Fj) = SBL =⋃N

j=1 s
BL(Fj), the worst value of W , which is denoted by

Wworst_case, satisfies the following inequality:

Wworst_case ≤
k′
1∑

i=1

∣∣MS
(
s̃BL
1,i

)∣∣+ · · ·+
k′
N∑

k=1

∣∣MS
(
s̃BL
N,i

)∣∣
=

n∑
i=1

∣∣MS
(
sBL
i

)∣∣
= Wupper_bound

=

k1∑
i=1

∣∣MS
(
sBL
1,i

)∣∣+ · · ·+
kN∑
i=1

∣∣MS
(
sBL
N,i

)∣∣
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≤k1× max
1≤i≤k1

∣∣MS
(
sBL
1,i

)∣∣+ · · ·

+ kN × max
1≤i≤kN

∣∣MS
(
sBL
N,i

)∣∣
≤ φ×

[
max

1≤i≤k1

∣∣MS
(
sBL
1,i

)∣∣+ · · ·

+ max
1≤i≤kN

∣∣MS
(
sBL
N,i

)∣∣] . (11)

Since Wlower_bound ≤ Wopt ≤ W ≤ Wworst_case ≤
Wupper_bound, by (10) and (11), we have

W
Wopt

≤ Wupper_bound

Wlower_bound
≤ φ. (12)

Since assuming that the base station broadcasts only base-
layer data via the minimum PHY rate, we have φ ≤ α and W ≤
α×Wopt. �

E. MCS for Enhancement-Layer Data

Since the enhancement layer is optional, the base station can
theoretically use the most efficient MCS to send enhancement-
layer data, therefore consuming the least bandwidth. However,
from (7), we can deduce that the more efficient the MCS used
to send the enhancement-layer data, the lower the expected
percentage of requesting MSs that can correctly receive it.
Hence, to strike the right balance between bandwidth efficiency
and multicast reliability, EEMS-AMC employs the metric
“expected multicast throughput” to determine the proper MCS
for each enhancement-layer data.

Assume that MSs MSi1 ,MSi2 , . . . ,MSih request to receive
the video stream s. Let time(sEL|MCSk) be the time for the
base station to send the enhancement-layer data of s using
MCSk. Let θ2 be the tolerable packet loss ratio for the
enhancement-layer data. Let PSP(MSij ,s

EL|MCSk) be the pro-
bability that MS MSij can correctly receive sEL using MCSk.
The expected multicast throughput of broadcasting sEL, which
is denoted by emt(sEL|MCSk), using MCSk is defined by

emt(sEL|MCSk) =
size(sEL)

time(sEL|MCSk)
× 1

h

×
h∑

j=1

[
δ
(
MSij , s

EL|MCSk

)
×PSP

(
MSij , s

EL|MCSk

)]
(13)

where

δ
(
MSij , s

EL|MCSk

)
=

{
1, if PSP

(
MSij , s

EL|MCSk

)
≥ 1 − θ2

0, otherwise.

Let M = {MCS1, . . . ,MCSr}. To maximize the expected
multicast throughput of broadcasting sEL, the base station in
EEMS-AMC thus adopts MCS∗(sEL) to send sEL, where

MCS∗(sEL) = argMCSk∈Mmax
{

emt(sEL|MCSk)
}
. (14)

F. Enhancement-Layer Data Scheduling

After scheduling all base-layer data, the base station will
proceed to schedule enhancement-layer data only when some
frames in a superframe still have enough room to accommodate
at least one enhancement-layer data. If such residual MBS
zones in a superframe exist, we may be eager to first schedule
the enhancement-layer data with maximum expected multicast
throughput. However, power consumption is also an important
concern with MSs. In other words, the enhancement-layer data
scheduling algorithm must also ensure that the number of
frames in which MSs need to additionally wake up to receive
enhancement-layer data can be minimized. Thus, to strike the
right balance between multicast throughput and energy conser-
vation, EEMS-AMC employs the metric “marginal multi-
cast energy throughput” to derive the enhancement-layer data
scheduling. Specifically, let Fi denote the ith frame in a super-
frame and residualMBSzone(Fk) be the residual MBS
zone size in frame k. If time(sEL

i ) is no more than
residualMBSzone(Fk), the marginal multicast energy through-
put, mmet(sEL

i |Fk), under the condition that the base station
adopts MCS∗(sEL

i ) to broadcast sEL
i in frame k is defined by

mmet
(
sEL
i |Fk

)
=

emt
(
sEL
i |MCS∗ (sEL

i

))
duty_cycle

(
sEL
i , Fk

) (15)

where duty_cycle(sEL
i , Fk) denotes the average duty cycle of

admitted MSs if the base station places sEL
i in frame k. Note

that we let the value of mmet(sEL
i |Fk) be 0 if time(sEL

i ) >
residualMBSzone(Fk). Moreover, assume that an MS MSh

requested to watch only the video si, and prior to the start of
a superframe, the base station announces that it will broadcast
sBLi using MCS∗(sBLi ) in frame x and sELi using MCS∗(sELi )
in frame y; if x �= y and MSh evaluates that PSP(MSh,
sEL
i |MCS∗(sEL

i )) < 1 − θ2, then MSh will not wake up to
receive sEL

i in frame y.
Let F = {F1, . . . , FN} and SEL = {sEL

1 , . . . , sEL
n }. The

gist of our enhancement-layer data scheduling is that, given
SEL, we iteratively find an ordered pair (sEL

i , Fk), where
Fk ∈ F , and sEL

i is an unscheduled data in SEL, such that if
the base station places sEL

i in frame k, the resulting scheduling
will have the maximum marginal multicast energy throughput.
Let sEL(Fi) be the set of enhancement-layer data that the base
station plans to place in frame i. Fig. 5 shows the enhancement-
layer data scheduling algorithm of EEMS-AMC, which will be
executed only after the base station finishes the base-layer data
scheduling and whose time complexity is O(mn2N), where m
is the total number of MSs.

G. Example

Assume that the MBS zone size of each frame is 5 ms and
a superframe consists of four frames. Assume that there are
seven MSs in a WiMAX cell; moreover, MSs MS2, MS4, and
MS7 can receive data using 16-QAM 1/2, whereas MSs MS1,
MS3, MS5, and MS6 can receive data only using QPSK 3/4.
The PHY rates of QPSK 3/4 and 16-QAM 1/2 are 11.86 and
15.82 Mb/s, respectively [22]. Assume that these seven MSs
totally request to view four video streams, which are denoted
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Fig. 5. Enhancement-layer data scheduling algorithm of EEMS-AMC.

TABLE I
MSS AND THEIR REQUESTED VIDEO STREAMS

by s1, s2, s3, and s4. The relations between MSs and their
requested video streams are shown in Table I, where the unit of
the video packet size is Kbit. Fig. 6 shows the scheduling result
of EEMS-AMC. In this example, the multicast energy through-
put of EEMS-AMC is ((23.72 × 10 + 29.65 × 6)/(23.72 ×
10 + 29.65 × 6))/(12/(4 × 7)) = 2.333.

IV. PERFORMANCE EVALUATION

A. Compared Scheduling Schemes

So far, only two best-effort data multicast scheduling algo-
rithms, namely, genetic-algorithm-based multicast scheduling
(GAMS) [2] and scheduling over multiple broadcast channels
with AMC (SMBC-AMC) [3], have been proposed for over-
lapping multicast groups. Hence, we slightly modify GAMS
and SMBC-AMC such that they can be also used to schedule
scalable video streams. Then, we evaluate the performances of
EEMS-AMC and compare our results with those of GAMS and
SMBC-AMC.

1) GAMS: Genetic algorithms, which mimic the process of
natural evolution, are considered as an efficient and effective
heuristic scheme to deal with the NP-complete problem [14].
Our previously proposed GAMS [2] is a genetic algorithm and
can be modified as follows. It starts from randomly generating
an initial population of chromosomes, which are the feasible so-
lutions to the MMES problem, and these chromosomes evolve
over several generations. Specifically, a chromosome chu can
be defined as a vector chu={π(sBL1 ), . . . , π(sBLn ), 〈π(sEL

1 ), e1〉,
. . . , 〈π(sEL

n ), en〉}, where 1 ≤ u ≤ U , U is the predefined pop-
ulation size, and each vector element of chu is called gene. In
a gene 〈π(sEL

i ), ei〉, π(sEL
i ) represents the scheduling order

of the enhancement-layer data of admitted video si, and ei is
a binary variable that indicates whether sEL

i will be scheduled.
For example, given a chromosome {3, 6, 1, 2, 4, 5, 〈4, 0〉, 〈3, 1〉,
〈2, 0〉, 〈6, 0〉, 〈5, 1〉, 〈1, 1〉}, the order that the base station
schedules the base-layer data is sBL

3 → sBL
4 → sBL

1 →
sBL
5 → sBL

6 → sBL
2 . More specifically, the base station first

puts sBL
3 in the first frame and then schedules sBL

4 ; if the MBS
zone of the first frame is full after scheduling sBL

3 , the base
station will put sBL

4 in the second frame. If there are some unex-

hausted MBS zones after scheduling all base-layer data, the
base station will try to schedule the enhancement-layer data
according to the order of sEL

6 → sEL
2 → sEL

5 . Note that if
ei = 1 and the residual MBS zones still have enough room
to accommodate sEL

i , the base station will adopt MCS∗(sEL
i )

shown in (14) to send it.
In each generation, we first calculate the fitness of each

chromosome chu, denoted by fit(chu), which is defined as the
multicast energy throughput of the scheduling chu. Then, we
select a pair of chromosomes for cloning or for mating and
crossover. To produce superior offspring a chromosome chu

is selected as a parent with probability γ(chu) = fit(chu)/∑U
u=1 fit(chu). The chosen pair of chromosomes has a prob-

ability, 1-crossover_rate, to be cloned to the next generation,
and has a probability, crossover_rate, to be mated to produce
two offsprings. When a pair of chromosomes, e.g., chu and
chv, must be mated, we exchange some genes of either their
base-layer parts or their enhancement-layer parts. Fig. 7 shows
the crossover procedure that exchanges the genes of the
enhancement-layer parts of two chromosomes. Note that the
crossover procedure, which exchanges the genes of the base-
layer parts of two chromosomes, can be realized via the similar
way. First, we generate a random binary string of length n,
which is called a crossover mask. As shown in Fig. 7(a), if the
ith bit of the crossover mask is equal to 1, we then swap the ith
genes of chu and chv. By doing so, we can produce two off-
springs os′u and os′v . However, we notice that os′u and os′v
shown in Fig. 7(a) are illegal since, for example, 1, 2, and 3
appear twice in os′u. We fix this problem by noting that we
made the swaps 4 ↔ 2, 6 ↔ 1, and 5 ↔ 3, and then repeating
these swaps on the genes outside the crossover points, giving
us the results osu and osv, as shown in Fig. 7(b). To reduce the
chance of falling into local optima, we occasionally mutate the
chromosomes of offsprings. Specifically, a new-born offspring
is mutated with probability, mutation_rate. Once an offspring
osu has to be mutated, we first swap two randomly chosen
genes, i.e., π(si) and π(sj), both of which must be either in the
base-layer part or in the enhancement-layer part. If the chosen
genes are in the enhancement-layer part, we then randomly
decide whether to flip the values of ei and ej . The above-
introduced breeding process is repeated until the size of the
new population is equal to U , and then, the current population
is replaced with the new population. Since we demand that the
base station must obtain the multicast scheduling in the duration
of a superframe, the apparent advantage of GAMS is that we
can control when to terminate the algorithm by stopping the
evolution at any time needed and use the best individual in the
current generation. The drawback of GAMS is that it cannot
provide any performance guarantees.
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Fig. 6. Example of how EEMS-AMC schedules scalable video streams. Note that we show only the “MBS zone part” in each frame.

Fig. 7. Example of the crossover procedure, where we show the genes of only
the enhancement-layer part in each chromosome.

2) SMBC-AMC: The SMBC-AMC, which is originally
designed for scheduling best-effort data, works as follows.
Assume that the WiMAX system provides r different MCSs.
SMBC-AMC requires that all MSs must have the same duty
cycle 1/C, where C/r is an integer. To achieve this goal, as
shown in Fig. 8, a superframe is divided into C logical broad-
cast channels such that each logical broadcast channel contains
N/C frames. Each MS wakes up only in one of the logical
broadcast channels. Moreover, SMBC-AMC requires that the
base station must use the same MCS MCSi to send data during
the jth logical broadcast channel, where 1≤ i≤r, and (i−1)×
(C/r) + 1 ≤ j ≤ i(C/r). The scheduling algorithm of SMBC-
AMC consists of two phases: It first decides which logical
broadcast channel an MS should listen to, and then, it decides
which multicast data should be sent on each logical broadcast
channel. Let MS(MCSi) be the set of MSs that can correctly
receive data using MCSi. Let LBC(MCSi) be the set of logical
broadcast channels in which the base station must send data
using MCSi. In the first phase, the base station first divides the
MSs in MS(MCSi) into C/r groups such that members in the
same group requested to receive the most similar data. Then,
the base station assigns the resulting groups to LBC(MCSi).
In the second phase, the base station first calculates the profit of
each data dj , which is defined as the ratio of the number of MSs
that requested to receive dj to the size of dj . Let MS(LBCi) be
the set of MSs that must wake up in the ith logical broadcast
channel, which is denoted by LBCi. Then, the base station
iteratively puts the highest-profit data requested by MS(LBCi)
in LBCi until the MBS zones in LBCi are full or all data have
been scheduled, whichever comes first.

Fig. 8. Concept of logical broadcast channels. In this example, N = 8,
C = 4, and r = 2.

Now, we modify SMBC-AMC to schedule scalable video
streams as follows. First, we use the SMBC-AMC algorithm to
schedule base-layer data. If there are some unexhausted MBS
zones in a superframe, we then perform the same algorithm
to schedule the enhancement-layer data whose corresponding
base-layer data have been already scheduled. Fig. 9 shows the
result of applying SMBC-AMC to the example provided in
Section III-G. In Fig. 9, the multicast energy throughput of
SMBC-AMC is ((23.72×10+29.65×3)/(23.72×10+29.65×
6))/(14/(4 × 7)) = 1.571, which is only 67.3% times that of
EEMS-AMC under the same scenario. By carefully observing
Fig. 9, we notice that SMBC-AMC may suffer from two prob-
lems: 1) Redundant multicast problem: If MSs requesting the
same data are scheduled in different logical broadcast channels,
then these data will be sent several times, hence wasting the
scarce bandwidth. For example, in Fig. 9, the base-layer data
sBL
2 is broadcast twice in a superframe. 2) Capacity waste

problem: We know that the advantage of SMBC-AMC is that
the duty cycle of every MS can be planned in advance. How-
ever, as such, some video data may be unable to be scheduled
in a superframe, even if there exists at least one frame whose
remaining MBS zone is large enough to accommodate one of
these video data. For example, the base station cannot adopt
QPSK 3/4 to send sEL

3 in frame 4 although the residual MBS
zone size of frame 4 is still large enough. This is because if
the base station did so, the duty cycles of MS3 and MS6 would
be larger than 1/2. On the other hand, if MS3 and MS6 were
allowed to wake up in frame 4, and the base station adopted
QPSK 3/4 to broadcast sEL

3 in frame 4, the multicast energy
throughput could rise to ((23.72 × 10 + 29.65 × 5)/(23.72 ×
10 + 29.65 × 6))/(16/(4 × 7)) = 1.625.

B. Simulation Model

We follow an event-driven approach [12] to build the sim-
ulator. In our simulations, we adopt the COST-231 Hata
model [20], which is suitable for urban environments, as our
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Fig. 9. Example of how SMBC-AMC schedules scalable video streams. Note that we show only the “MBS zone part” in each frame.

TABLE II
SYSTEM PARAMETERS

radio propagation model. Specifically, the SNR value of a
mobile receiver is formulated as SNR[dB] = Pb +Gb +Gm −
Pnoise − PL(d), where Pb is the transmit power of the base
station; Gb and Gm are, respectively, the antenna gains of
the base station and the MS; Pnoise is the receiver noise
power; PL(d) is the path loss; and d is the distance be-
tween the base station and the MS. Pnoise and PL(d) are
defined as follows [20]: Pnoise=−174+10 log10(B)v +Nf .
PL(d) = 46.3 + 33.9 log10(f)− 13.82 log10(hb)− a(hm) +
[44.9 − 6.55 log10(hb)] log10(d) + cm, where a(hm) = 3.2 ×
[log10(11.75hm)]2 − 4.97. Table II shows our used system pa-
rameters, which follow the specifications adopted in [20] and
[22]. To fairly compare EEMS-AMC with GAMS and SMBC-
AMC, we assume that the WiMAX system offers only four
different MCSs since SMBC-AMC requires that C/r must be
an integer.

We assume that there are four classes of scalable videos in
the video server. Table III summarizes the data rate of each
layer of each video class, which is based on the experimental
results in [17]. We assume that the tolerable delay of video data
is 160 ms, and the tolerable packet loss ratio for each layer is
3%. Note that our simulation results show that, with the aid of
AMC schemes, the packet loss due to transmission errors can be
negligible. In our simulations, the probability that a video is re-
quested by a mobile user (called the video request probability)
varies from 0.5% to 3.5%. To fairly compare EEMS-AMC with

TABLE III
CLASSES OF VIDEO STREAMS

GAMS and SMBC-AMC, we assume that all schemes adopt
our proposed admission control presented in Section III-A.
Note that in GAMS, we assume that both the number of initial
chromosomes and the total number of generations are 100; more-
over, we set crossover_rate=0.7 and mutation_rate=0.1.

Some previous studies on scalable video multicasting [6]
used the metric “utility” to represent the satisfaction degree of
the video quality for a mobile user. Hence, we also adopt the
normalized total utility [6] to judge the goodness of a multicast
scheduling algorithm. Some notations used to facilitate the
definition of normalized total utility are provided below. Let
γ(MSi, sj) = 1 if MS MSi requests to see video sj and sj is

admitted, and γ(MSi, sj)=0 otherwise. Let ξ(MSi, s
BL

⋃
EL

j |
SFk) be equal to 1 if MSi correctly received only sBL

j

in the kth superframe, and to 0 otherwise. Let ξ(MSi,

s
BL

⋃
EL

j |SFk) be equal to 1 if MSi correctly received sBL
j and

sEL
j in the kth superframe, and to 0 otherwise. Assume that m

MSs request to view n admitted videos {s1, . . . , sn}. The av-
erage percentage of users that received only base-layer data per
average video (denoted by PonlyBL) and the average percentage
of users that received both base-layer and enhancement-layer
data per average video (denoted by Pboth) are, respectively,
defined as follows:

PonlyBL =

∑NSF

k=1

∑m
i=1

∑n
j=1 ξ

(
MSi, s

BL
⋃
EL

j |SFk

)
NSF ×

∑m
i=1

∑n
j=1 γ(MSi, sj)

(16)

Pboth =

∑NSF

k=1

∑m
i=1

∑n
j=1 ξ

(
MSi, s

BL
⋃
EL

j |SFk

)
NSF ×

∑m
i=1

∑n
j=1 γ(MSi, sj)

.

(17)

Note that NSF is the total number of superframes during the
entire simulation time. The normalized total utility is defined
as uBL × PonlyBL + (uBL + uEL)× Pboth, where uBL and
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Fig. 10. Performance comparisons among EEMS-AMC, GAMS, and SMBC-
AMC under different video request probabilities.

uEL are two positive real numbers that represent the utilities
of base-layer data and enhancement-layer data, respectively.
Note that we require uBL + uEL = 1. In our simulations, we
set uBL = 0.7, uEL = 0.3 [6], and NSF = 3.6 × 104. In the
following figures, we use EEMS to denote EEMS-AMC and
use SMBC-k to denote SMBC-AMC with k logical broadcast
channels.

C. Effect of Video Request Probability

In the experiments of this section, we vary the video request
probability of each mobile user from 0.5% to 3.5%; moreover,
we assume that all users are static and that the MBS zone size of
each frame is fixed at 4 ms. In Fig. 10(a), we can see that the av-
erage duty cycles of EEMS-AMC and GAMS increase with the
increase in video request probability. This is because when the
video request probability increases, each station will request to
see more videos, and thus, more videos may be admitted. This
implies that, on average, each station needs to wake up more
often to receive the requested video data. We notice that the
duty cycle of EEMS-AMC is higher than that of GAMS. This
is because EEMS-AMC prefers to schedule the enhancement-
layer data with larger expected multicast throughput and, thus,
can schedule more enhancement-layer data than GAMS. On the
other hand, it can be expected that the average duty cycle of
SMBC-AMC is fixed at the reciprocal of the number of local
broadcast channels.

Fig. 10(b) exhibits that a larger video request probability
has a negative effect on the normalized total utility of all
schemes. The reasons are as follows. Since all schemes must
schedule base-layer data first and the total MBS zone size in a
superframe is fixed, the residual MBS zone that can be used to
hold enhancement-layer data hence becomes less as the video
request probability increases. We also see that EEMS-AMC
has higher normalized total utility than GAMS. This reflects

the fact that EEMS-AMC can schedule more enhancement-
layer data than GAMS. On the other hand, SMBC-4 has higher
normalized total utility than SMBC-16. This is because, in one
logical broadcast channel, the total MBS zone size in SMBC-4
is four times that in SMBC-16. Nevertheless, regardless of the
number of logical broadcast channels, SMBC-AMC has much
lower normalized total utility than EEMS-AMC and GAMS.
The reasons are as follows. In a logical broadcast channel, the
base station in SMBC-AMC may spend longer time to send
the enhancement-layer data than it does in EEMS-AMC and
GAMS since it must use the same MCS to send both base-
layer data and enhancement-layer data. To make matters worse,
SMBC-AMC may also suffer from the redundant multicast
problem; that is, the same video data may be sent several times
in different logical broadcast channels.

Fig. 10(c) shows that a larger video request probability also
has a negative effect on the multicast energy throughput of
all schemes. In particular, the multicast energy throughput of
SMBC-4 is lower than that of SMBC-16. This is because
SMBC-16 is one quarter the average duty cycle of SMBC-4.
On the other hand, we see that EEMS-AMC and GAMS have
about the same multicast energy throughput. This is because
GAMS has a lower duty cycle than EEMS-AMC. Recall that in
Section I-B, we have mentioned that the goal of our proposed
scheme is not to minimize the duty cycle, which can be
accomplished by scheduling only base-layer data of admitted
videos. Our goal is to design a scheduling scheme that has high
multicast energy throughput. When two scheduling schemes
have about the same multicast energy throughput, we prefer that
which has higher normalized total utility since normalized total
utility represents the average perceived video quality per mobile
user [6]. The simulation results shown in Fig. 10(b) and (c)
together imply that EEMS-AMC is superior to GAMS.

D. Effect of MBS Zone Size

In the experiments of this section, we vary the MBS zone
size of each frame from 1 to 4 ms; moreover, we assume that
all users are static and that the video request probability of each
mobile user is fixed at 2%. In Fig. 11(a), we can find that the
average duty cycles of EEMS-AMC and GAMS decrease with
the decreasing of the MBS zone size in each frame. The reasons
are as follows. Although the video request probability is fixed,
as the MBS zone size of each frame decreases, less videos re-
quested by mobile users can be admitted; therefore, on average,
each MS wakes up more infrequently to receive its requested
data. Expectably, the duty cycle of SMBC-AMC is fixed at the
reciprocal of the number of local broadcast channels.

Fig. 11(b) shows that the normalized total utility of EEMS-
AMC and GAMS can increase as the MBS zone size of each
frame increases. However, it seems surprising that a larger MBS
zone size has a negative effect on the normalized total utility
of SMBC-AMC. The reasons are as follows. In EEMS-AMC
and GAMS, the base-layer data of all admitted videos can
be completely scheduled. Thus, the normalized total utility of
EEMS-AMC and GAMS can be no less than 0.7. After schedul-
ing the base-layer data, the residual MBS zone can be used to
schedule the enhancement-layer data. When the MBS zone size
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Fig. 11. Performance comparisons among EEMS-AMC, GAMS, and SMBC-
AMC under different MBS zone sizes of each frame.

increases, more enhancement-layer data can be scheduled, the
normalized total utility of EEMS-AMC and GAMS can hence
increase. However, SMBC-AMC suffers from not only the
redundant multicast problem but the capacity waste problem as
well. In particular, these two problems occur more often when
the MBS zone size of each frame increases. On the other hand,
since in SMBC-AMC, the total MBS zone size of each logical
broadcast channel decreases as the number of logical broad-
cast channels increases, SMBC-16 has the lowest normalized
total utility. Fortunately, the normalized total utility of SMBC-
AMC can decline gradually as the MBS zone size of each
frame increases since the utility of enhancement-layer data is
relatively small.

In Fig. 11(c), we can find that the multicast energy through-
put of EEMS-AMC and GAMS does not significantly change
as the MBS zone size of each frame increases from 1.5 to 4 ms.
This is because as the MBS zone size of each frame increases,
MSs can receive more requested video data at the expense of
a higher duty cycle. On the other hand, Fig. 11(c) shows that
the multicast energy throughput of SMBC-AMC decreases as
the MBS zone size of each frame increases. The reasons are
similar to those described in the previous paragraph. However,
we notice that as the MBS zone size increases, the multicast
energy throughput of SMBC-16 declines much more steeply
than the normalized total utility of SMBC-16. This is because
the enhancement-layer data size is generally much larger than
the base-layer data size.

E. Effect of User Distributions

Here, we evaluate the performances of EEMS-AMC, GAMS,
and SMBC-AMC under different user distributions. We assume
that the video request probability of each mobile user is fixed at
2% and that the MBS zone size of each frame is fixed at 4 ms. In

TABLE IV
USER DISTRIBUTIONS

Fig. 12. Performance comparisons among EEMS-AMC, GAMS, and SMBC-
AMC under different user distributions.

addition, we consider four types of static user distributions: uni-
form, near, middle, and far. The near user distribution assumes
that most users are close to the base station, the middle user
distribution assumes that the majority of users are in the middle
of the base station coverage area, and the far user distribution
assumes that most users are far from the base station. Table IV
details the percentages of population under different ranges of
distances between mobile users and the base station.

In Fig. 12(b) and (c), we find that in all schemes, the normal-
ized total utility and the multicast energy throughput under the
near user distribution are, respectively, higher than those under
the other user distributions. The reasons are as follows. In the
near user distribution, most users are close to the base station;
under such circumstances, the base station can adopt the more
efficient MCS (thus higher PHY rate) to send the majority of
base-layer data. This implies that the residual MBS zone size
after scheduling the base-layer data becomes larger. Therefore,
the base station can schedule more enhancement-layer data.

Fig. 12(a) shows that, as expected, the average duty cycle of
SMBC-AMC is equal to the reciprocal of the number of local
broadcast channels. Interestingly, we observe that the average
duty cycles of EEMS-AMC and GAMS under the near user
distribution are, respectively, slightly higher than those under
the other user distributions. The reasons are as follows. In
GAMS, only the feasible schedules that have relatively good
performance can survive the evolutionary process. On the other
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Fig. 13. Performance comparisons among EEMS-AMC, GAMS, and SMBC-
AMC under varying moving speeds.

hand, since EEMS-AMC adopts the metric of marginal multi-
cast energy throughput to schedule enhancement-layer data, the
increased duty cycle for each admitted station in the near user
distribution to receive the extra enhancement-layer data that
will not be sent in the other user distributions is expected to
be small.

F. Effect of Mobility

Here, we evaluate the performances of EEMS-AMC, GAMS,
and SMBC-AMC under various degrees of user mobility. We
assume that the video request probability of each mobile user is
fixed at 2% and that the MBS zone size of each frame is fixed at
4 ms; moreover, we consider the random waypoint model [10],
in which all mobile users alternate between pausing and then
moving to a randomly chosen location (in the coverage of the
base station) at a fixed speed. The pause time is fixed at 30 s.

According to [23], the channel quality between the base
station and an MS mainly depends on their distance. When
mobile users move toward the base station, the base station can
adopt the more efficient MCS (thus higher PHY rate) to send
data to them. When mobile users move away from the base
station, the base station may adopt the more robust MCS (thus
lower PHY rate) to send data to them. Since mobile users move
sometimes closer to and sometimes farther from the base sta-
tion, Fig. 13 shows that the performances of all schemes do not
significantly change when the moving speed of stations varies.

V. CONCLUSION

As mobile devices have grown in popularity, functionality,
and capability, people have become more enthusiastic about
browsing multimedia programs, such as video streaming or mo-
bile TV anytime and anywhere. Since mobile devices are often
battery powered, the investigation of power-saving technolo-

gies becomes important. Therefore, in this paper, we studied
the problem of scalable video multicasting with the objective
of maximizing the multicast energy throughput in a mobile
WiMAX network. Unfortunately, we have proven that this
problem is NP-complete, and its hardness arises from one of the
key factors that different multicast groups may partially over-
lap. Then, we proposed near-optimal polynomial-time solutions,
named EEMS-AMC, to support the multicasting of scalable
video streams in a cross-layer fashion. Importantly, by means
of online admission control, EEMS-AMC guarantees that all
base-layer data of admitted video streams not only can be held
in a superframe, regardless of how these data are scheduled,
but can also be delivered to mobile users within the timeli-
ness requirement. Furthermore, EEMS-AMC employs different
greedy strategies that take multicast throughput and power
conservation jointly into account to schedule base-layer data
and enhancement-layer data. Theoretical analysis shows that
under the worst case scenario, the multicast energy throughput
of EEMS-AMC can be always within a bounded factor from
the optimal value. Simulation results show that in general sce-
narios, EEMS-AMC delivers relatively good performances in
terms of normalized total utility and multicast energy through-
put under uniform, nonuniform, and dynamic user distributions.
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