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Abstract—Multicast is an important application in cellular
networks. The 4G technologies, including WIMAX and LTE,
invariably adopt Multiple-Input-Multiple-Output (MIMO) to fa-
cilitate spatial multiplexing and fundamentally increase channel
capacity. However, state-of-the-art multicast protocols are d-
signed to perform in single-hop mode with a single session, leading
to under-utilization of the scarce spectrum resource.

In this paper, we propose YMMYV, a novel multicast protocol
that jointly considers MIMO and cooperative communications in
OFDMA networks. The base station transmits data in multiple
sessions using multiple antennas on the same channel to exploit
spatial multiplexing in MIMO. Further, cooperative transmission
on different channels among users is also utilized. We tackle the \ , Icq

. A . X N\
resulted session scheduling problem in YMMV, where the multi- = C3\ }
channel characteristic of OFDMA further aggravates the difficuty o
of efficient algorithm design. With rigorous analysis and extensive D MS4
simulations, we show that our multi-session multicast protocol is MS3
able to improve throughput performance significantly. (a) Conventional multicast.  (b) Multi-session multicast  with
MIMO.
I. INTRODUCTION Fig. 1. lllustrative examples of a multi-session multicastrfesvork supported

by MIMO in OFDMA networks.
Multicast serves as an important multimedia application in

cellular networks, for which transmission scheduling play
critical role. Existing multicast protocols work in a sieghop and capacity, and enables linear scaling of transmissi@nima
single-channel fashion [1]-[3]. The base station (BS) ukes theory [8].
most robust modulation and coding scheme to provide r&iabl In this paper, we investigate multicast scheduling with mul
transmissions to all users. Essentially, the multicase fiat tiple sessions, multiple hops and multiple channels, widéch
limited to the lowest possible rate among all users, whidbarely explored in the literature. The intuitive idea is who
under-utilizes the wireless spectrum by a substantial margin Fig. 1(b). The BS may multicast data in two sessions using
The state-of-the-art research in multicast schedulingses MIMO simultaneously through channel C1, leading to a higher
takes advantage of multi-hop multi-channel communicationulticast rate than single-session transmissions. MS 12and
[4], [5] in OFDMA networks [6]. For example, as shown inhave two antennas each, and MS 4 has three antennas. All
Fig. 1(a), the BS uses a high rate to multicast data on chano&lthem can correctly receive two independent sessions of
1 (C1), and mobile stations (MSs) with good channel qualitielata, which roughly doubles the throughput. Even better, th
(MS 1 and 2) can receive the data and cooperatively he§$ can communicate with MS 3 three independent sessions
the ones in poor channel conditions (MS 3) using orthogorsimultaneously through an additional channel (C2). In toidli
channels (C2 and C3). to single-hop transmissions, users are allowed to codpelat
Such multi-path transmissions are able to boost throughphelp each other on orthogonal channels. MS 2 and 3 can both
However, transmission on each hop is still hobbled by tHerward data to MS 4 using separate channels, who only has
holdover from traditional cellular communication — theigis one antenna and can not correctly decode the multicast data
tence on transmitting a singlession of data on each channel.issued in multiple sessions.
The adoption of Multiple-Input-Multiple-Output (MIMO) [7  Therefore, with the same number of channels, several inde-
technology by 4G networks as well as advanced devices sygdndent sessions of transmissions can be performed simulta
as the iPhone makes the use of multi-session communicatioe®usly instead of transmitting one session on one channel.
through multiple antennas realistic. As shown in Fig. 1{b), Channels are better utilized with MIMO multiplexing, and
a given channel, the transmitter and receiver can commignicthroughput performance can be largely improved.
multiple independent sessions as long as both of them are&Several technical challenges arise from the introductibn o
equipped with multiple antennas. Such spatial multiplgxim  MIMO to multicast. Specifically, now we need to schedule
MIMO changes the fundamental relationship between powtre multicast transmissions in multiple sessions accgrdin



channel conditions and user antenna equipment, whichlglearetworks and solveed the joint multi-commodity routing and
adds to the complexity of developing efficient algorithm tehannel assignment problems. Cooperative and relay com-
solve it. Moreover, we also need to schedule the cooperativeinications have also been considered as another dimen-
transmissions among users optimally in order to further insion of optimization. [11] proposed solutions for a joint
prove multicast throughput. optimization of channel assignment, relay strategy select
The highlight of our contribution in this paper is a crossand power allocation in OFDMA cellular networks based on
layer optimization framework for transmission scheduling conventional Amplified-and-Forward and Decode-and-Fodwa
multicasting multiple sessions with MIMO, which we callschemes. [12] considered network coding assisted codperat
YMMV. The name coincides with the common acronym dfiversity in OFDMA cellular networks. [13] studied oppor-
“your mileage may vary,” which also reflects the uniquéunistic scheduling in WiMAX relay networks. These works
facet of our multicast protocol that different users mayognj considered multiple unicast sessions of independent it
different multicast rates depending on the number of sessimur work considers multicast of the same content to a group
they receive, which is essentially related to their numbler of users.
antennas and channel conditions. Multicast in multi-channel networks is less well studied.
The remainder of the paper is organized as follows. eng et al. [4] tackled the channel assignment problem for
Sec. I, we review the basics of MIMO and related worknulticasting in mesh networks, and Gopinathetnal. [14]
on multicast scheduling. In Sec. lll, the YMMV optimizationextended it to multi-radio mesh networks. One recent work
framework is presented and the session scheduling prolsen1i5] studies the interactions of MIMO with higher layer pet
solved. We present simulation results to evaluate the perfeols. Cooperative communications were modeled in multicas
mance of our algorithms along with the analysis in Sec. llsystems in our previous work [5] for WiMAX. These works
Corroborating our intuition, multicast performance is staim- only considered single-session multicast, and interfaeon
tially improved with our design. We conclude our paper ithe same channel is treated as noise, i.e. MIMO is not modeled
Sec. IV. Our work, in contrast, is an early attempt to utilize MIMO in

Il. BACKGROUND multicast services in OFDMA cellular networks.

A. MIMO Basics
~ll. A SCHEDULING FRAMEWORK FORMULTI-SESSION
MIMO serves as the cornerstone of our protocol, and is MULTICAST WITH MIMO

instrumental towards most of its advantages. MIMO has two
basic working scenariospatial diversity improves the relia-  In this section, we present our YMMV optimization frame-
bility and range of transmission by sending and/or recgivirwork with MIMO. We start by introducing the system model.
redundant streams of information in parallel along differe The cellular network operates in a time-slotted fashionengh
spatial paths between transmitter and receiver antenrfes. The BS serves as the multicast sender and MSs (also referred t
real excitement around MIMO is that the independent paths nodes) as the receivers. We assume quasi-stationanyethan
between multiple antennas can be used to much greater effamtditions, i.e. they remain stationary during one periéd o
than simply for diversity to boost SNRSpatial multiplexing time, and vary independently from one time slot to anothee T
takes advantage of this extra degree of freedom to seB8 is equipped with multiple antennas, and MSs are equipped
independent streams of information, calledessions in this with one or multiple antennas respectively. The number of
paper, at the same time over the same frequency. Concgptualhtennas at the BS is larger than that of any MS. Therefore,
the received signals can be seen as a set of linear equatione BS can serve multiple MSs at the same time, and MIMO
with channel gains being the coefficients, and the solut@ins communications can be performed whenever possible.
this linear system correspond to the transmitted signdls [8  All nodes work in full-duplex mode, and concurrent com-
In practice, channels may achieve linear gains in capacifyunication with multiple nodes in both downlink and uplink
with the use of spatial multiplexing. We can roughly expreds possible on different channels. In order to show the benefi
the capacity of multi-session MIMO &N log,(1+p), where provided by MIMO multiplexing in multicast, here we assume
B is the bandwidth)V is the number of antennas, apds the that the number of available orthogonal channels for cooper
SNR [8]. This is valid under the constraint that the number aftive communications is greater than needed. We will study
sessions is no larger than the minimum number of antennasmaore complicated cases with limited channel resourcesen th
the transmitter and receiver. In general, the number ofrauate future.
at the BS is larger than that of any MS. Therefore, the linear
capacity gain of using multiplexing MIMO can be assumed.A. Optimization Framework

B. Related Work Our multicast scheduling problem with MIMO can be for-
Optimization in multi-channel networks has drawn a subulated as an optimization outlined as follows. The objec-
stantial amount of attention in recent years, especially five can be stated as to find the optimal session allocation
wireless mesh networks and OFDMA networks. [9] and [1Gbr MIMO and cooperative communications to maximize the
formulated mathematical models for multi-channel mudiiio aggregate throughput of all users, under the commonly used



proportional fairness criterion [16]. Mathematically, simplicity. Then, we have:
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where(;(t) is the Shannon capacity of this session. We assume

whereU;(t) is the throughput of nodé at time slott, taking the BS uses equal powdlss on each channel, and the noise

into account transmissions from both the BS and cooperati Swer N is independent across nodes. The channel gais
f .

nodes.( is the set of nodes in the multicast group, and i‘?’ndependent as well and models the user diversity.
cardinality isG. 7;(t) denotes the average throughput of node hat the fi N )
i over the time horizofl, ¢ It serves as a time-varying weight, OW We can see that the first terl_, L () X7 (1) Ri(1)

with which proportional fairness can be achieved in the Ior'lgOm Eq. (2) represents the throughpu'_[ (_)f d|rect_transm|35|_
om the BS to all nodes. The non-trivial session allocation

run [16]. S :
clearly has a major impact on throughput. If we incre&sé),
U;(t) can be calculated as: nodes with fewer thari(¢) antennas will fail to receive any
N data on channek, and suffer from throughput degradation.
Ui(t) = ZLs(t)Xf(t)Ri(t) + ZRgi(t)~ (2) On thg contrary, nod(_as with no fewgr thdn, (t) antennas
— vee will enjoy throughput improvement, since they receive more

. ._sessions from the BS.
We assume that the content to be multicast can be dynamlcasl?

divided and coded into MIMO sessions according to channﬁl h? sg_cond terr; in Eq. (2) shdovt\;s that nOdt%S With. slow
and session allocation to enable adaptive transmissiohdn ownloading can be compensated by cooperatig(t) is

wireless medium [17]. The spectrum is divided into a numbgf'e cooperative transmission rate achievable from nptte:.

of OFDMA subchannels. The BS uses a certain number g}early,

subchannels to multicast the basic layer of the content with 0= Rgit) < Cilt) 6

the most robust rate to provide reliable transmission for a/hich means that the cooperative transmission rate is kelind
subscribers. Meanwhile, it uses other channels for MIMGy the capacity on the link, denoted @s;(t). It is challenging
communication to send additional layers that contain fings schedule transmissions in a cooperative fashion. Relays
details of the content. As such, we do not consider the complf not have knowledge about which packets their neighbors
mentary challenges of producing these independent sessigreed. Blindly “pushing” packets that are not needed to other
and assume that the higher throughput a node enjoys, the bejkers will incur a substantial degree of overhead. To addres
the perceived quality-of-service in the multicast serviteis this challenge, we propose to take advantage of the fawrabl
the total number of channels that the BS can use for dirgggeless properties oietwork coding [18]. With this technique,
multicast. Thuss € {1,---, N}. all packets are encoded with random linear codes, and adictod
ita blocks could be considered equally useful and inngati

As we elaborated in Sec. |, the BS multicasts data usircli L o .
MIMO whenever possible. On each channel, data is transninit(% random network coding is employed, a packet is innovative

in one or several independessessions. To model MIMO if it is linearly independent from the other packets from the
without exposing details in the PHY layek(t) is used to same segment, which is satisfied with high probability when

denote the number of sessions for MIMO transmissions gﬁe field size is reasonably large [19].

channels in (2). It essentially represents our design of utilizing Since the data is fully mixed, relays can freely “push” inno-
MIMO in OFDMA networks. vative blocks to their downlink multicast members. Overhea

can be substantially mitigated in cooperative commurocati
X7 (t) represents the actual number of sessions that no@igh this design, the cooperative transmission rate istéithby
i can correctly decode when the BS multicasts datdJtt) the amount of innovative data that noglés able to contribute
sessions on channel Apparently, whenL,(t) is larger than to nodei. Here we dictate that only a node with comparatively
the number of antennas at MSdecoding is not possible andmore received data can help another with less data in order to
all the data on this channel will be discardeddytherwise, achieve better fairness among the nodes of the multicaspgro
multi-session data can be correctly received. Thus we haveye further constrain the amount of data exchanged between a
X2(1) = 1, if Ly(t) < a; @) pai_r Qf cooperating nodes by the difference in their buffers
i 0, otherwise This is expressed in (7), wheiB,(t) denotes the amount of
) ] data buffered at node at time slot¢, and B;(¢) indicates the
where integem; € [1, 5] is the number of antennas of MS  same information at node 7 is the duration of one time slot.
L,(t) is clearly upper bounded by the number of antennas jaig easy to get from this constraint th&t,(t) = 0 if g = i.
the BS,ag.
Ls(t) < ap. (4) Rgi(t) < max{(), Bg(t) ; Bl(t)} (7)
R;(t) is the per-session throughput from the BS to nede Besides the aforementioned constraints, the system throug
on one channel. Here we do not consider channel diversity faut U;(¢) is also constrained as the total amount of data that



- positive constant reflecting our desired optimality gap. We
first solve the LP and get fractional solutiors(¢) and the
corresponding upper bound’B) of the objective. Over the
fractional solutions, we then conduct a local search to find a
feasible lower bound{B) of the objective. In our problem,

P 7 Tangential

Support ; T i .
, uppo we adopt randomized rounding dn(t) to its closest integer
1), ‘> t%hotrd Congecting to get LB, while ensuring the solution feasibility.
SR ATETR - If LB > (1—¢€)UB, then we have obtained the desirgd-
0 " Tmag iy

€)-optimal solution. If not, we have to close the gap through
a tighter linear relaxation. This could be achieved by s&lgc
Fig. 2. Intuition on linearization for logarithmic relatiship, which uses a the optimizing variable with maximum relaxation error, and
four-point tangential approximation. dividing its value set into two by its value in the relaxation
solution. In our problem, we choosela (t) with a maximum

value of relaxation error captured byin{|L,()|, [Ls(t)]},
each node receives can not exceed the amount the BS is 3plg divide the original problem into two subproblems with

to provide: L,(t) equal to| L4 (t)| and[L(t)], respectively.
For the two subproblems, we again solve the LP relax-
t. S Bi(t) ation and run local search to get their bounds:B;, LBs)
<> La(h) = and (UB;, LB;). We updateUB = max{UB,,UB;} and
h=1s=1 LB = max{LBy,LBs}. Then, if LB > (1 — ¢)UB, the
t—1

B;(t) algorithm is terminated. Otherwise, we will iterativelypesat
the entire procedure until it is so. During this process, we
remove any subproblem when (1 — ¢)UB; < LB;. It has

. been shown that under general conditions, a branch-andebou
L) Ri(t)(1 = X7 (1)) (8) procedure always converges efficiently [21].
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Overall, session allocation in the basic YMMV frameworlC- Performance Evaluation
can be formulated as an optimization problem aleft), with We now resort to extensive simulations to evaluate the
objective (1), subject to constraints (2)—(8). performance of our YMMV protocol. To be realistic, sim-

. ) ulations are performed by emulating the multicast broadcas

B. Optimal Solution service (MBS) in WIMAX with typical parameters according

The formulated problem is a non-linear integer programming the IEEE 802.16 standard [22] and the WiIMAX system
(NIP) problem, which is NP-hard in general. In the followjngevaluation methodology released by the WiMAX forum. The
we discuss dinearization technique and use thgranch-and- BS multicasts a large file to all MSs. Each MS is allowed to
bound algorithm to solve the resulted LP with polynomial-timemove randomly in the service area, with a randomly chosen
complexity. initial location. Multi-path Rayleigh fading is simulatesince

We first relax the integer variableg;(¢) into fractional user mobility is present.
values in[0, ag]. In addition, we need to linearize constraint To effectively capture the benefits provided by MIMO, we
(5) which is not convex. To address this challenge, we adogst the number of antennas each MS has to be uniformly
the Reformulation-Linearization Technigue (RLT) [20] tharandom from 1 to 5. We also assume that all the transmissions
produces an LP relaxation for an underlying nonlinear mwbl on different paths of MIMO are independent. Further, theee a
by providing a tight upper bound. According to RLT, wea total of 20 channels with equal bandwidth available for the
linearize the logarithmic relationship in (5) using poldnal BS multicasting data.
outer approximation with several tangential supports.[Z0je To evaluate performance, we compare three multicast proto-
intuition is shown in Fig. 2. cols: our YMMV framework, referred to as “YMMV", cooper-

Readers may observe that constraints (3) and (7) contative multicast without MIMO, referred to as “single-sessl
nonlinear relationships as well. However, they do not actand the traditional multicast without MIMO and OFDMA,
ally generate non-linear constraints in the optimizatidhe referred to as “traditional.”
buffer information B;(¢) can be captured by each node, and Fig. 3(a) shows the average throughput across MSs for all
this information can be reported to the BS through messatigee protocols. We observe from the results that “YMMV”
exchangeX?(t) can be explicitly expressed in constraint (2)performs best, witl20% gain compared to “single-session.” It
as the number of antennas for each nedis global knowledge further outperforms “traditional” by a larger margin 85%.
in the system. This coincides with our intuition that multi-session meitst

With linear relaxations we can now apply theanch-and- supported by MIMO fits the design of 4G networks well, and
bound algorithm to the resulted LP. With this approach, wé able to achieve significant throughput improvement due to
aim to provide a(1 — ¢)-optimal solution, where is a small its effective use of the wireless spectrum. A trend to notice
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Fig. 3. Throughput performance of three multicast protocola realistic WiIMAX MBS scenario.
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