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Abstract—In this paper we study a two-hop cooperative
transmission scheme where multiple relays forward the data
simultaneously using Randomized Distributed Space Time Codes
(R-DSTC). We propose to integrate this randomized cooperative
transmission with layered video coding and packet level Forward
Error Correction (FEC) to enable error resilient video multicast.
Data rates in both hops as well as the FEC rate are adopted
to maximize the video quality. Our results show that while
rate-adaptive direct transmission provides better video quality
than conventional multicast, randomized cooperative scheme
outperforms both strategies significantly.

Index Terms: forward error correction, layered video, ran-
domized distributed space time coding, user cooperation, wire-
less video multicast

I. INTRODUCTION

Wireless video multicast enables delivery of popular events
in a bandwidth efficient manner. However, variations in chan-
nel qualities between source and each receiver make wireless
video multicast a challenging problem. One effective technique
to combat channel variations that arise from fading is to utilize
user cooperation where terminals process and forward the
overheard signal transmitted by other nodes to their intended
destination [1]. In general, there may be more than one node
that can overhear the packet sent by the source. For unicast,
if we let these nodes transmit cooperatively to the destination,
significant diversity gains can be accomplished. A spectrally
efficient way for the nodes to relay simultaneously is using a
distributed space-time code (DSTC) [2]. The basic idea behind
DSTC is to coordinate and synchronize the relays such that
each relay acts as one antenna of a regular Space Time Code
(STC) [3],[4]. However, DSTC requires tight coordination
among the source and relays, leading to significant overhead
at the MAC layer. Furthermore, DSTC works with a fixed
number of relays and cannot exploit other nodes that receive
the source information.

Randomized DSTC (R-DSTC) [5] circumvents some of
these problems by having each relay transmit a random linear
combination of antenna waveforms. R-DSTC not only loosens
the coordination but also enables a variable number of relays.
Node synchronization in R-DSTC is discussed in [12].

Cooperative transmission is suitable for multicast not only
because of its ability to substantially reduce the packet losses,
but also because the relays are part of the multicast group.
R-DSTC is especially attractive for multicast since the nodes
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that receive the packets can act as relays and transmit simul-
taneously, hence there is no relay selection and scheduling.
Recently, we considered randomized cooperation for video
multicast in an IEEE 802.11g based WLAN [7].

In this paper, we extend the results in [7] by considering
R-DSTC along with packet level FEC to enable error resilient
video delivery to multicast nodes. For optimized performance,
proper selection of STC dimension, transmission rates of the
first and second hops as well as FEC rate is essential. In
particular, adaptation of the FEC rate enables transmission
at higher rates at both hops, thereby improving the video
quality. We evaluate the performance of the proposed system
and compare with rate adaptive direct transmission [8] and
conventional multicast. We further consider layered coding
to provide better video quality to nodes with better channel
conditions. This is realized by letting the source transmit all
the layers, and letting nodes that successfully receive the first
hop transmission to forward only the base layer packets. Our
results illustrate the benefits of FEC and rate adaptation as well
as randomized cooperation. Furthermore, layered randomized
cooperation integrated with FEC allows part of the users to get
further improvements, while all users maintain video quality
at least as good as rate adaptive direct transmission.

II. SYSTEM MODEL AND TRANSMISSION MODES

We consider video multicast from a source (such as an
access point) to nodes within its coverage range of radius,
rq. Nodes in the network have a single antenna and can
transmit at different rates by adapting their modulation level
and channel code rate. In accordance with IEEE 802.11g, we
consider only square constellations. We assume independent
slow Rayleigh fading among nodes that is constant over the
duration of a single packet, a reasonable assumption for video
communication. We also assume path loss with an exponent of
a. Note that instantaneous Packet Error Rate (PER) depends
on the modulation and channel coding as well as the fading
level and the distance between the transmitter and the receiver,
and can be computed for direct and randomized cooperative
transmission as in [7].

For direct transmission, the source transmits packets at a
physical layer transmission rate, R bits/sec. In order to correct
packet errors, we employ packet level FEC at a rate of 4 such
that the residual loss rate at all nodes is less or equal to a target,
(. We consider two different modes of transmission for direct
transmission: conventional direct transmission and rate adap-
tive direct transmission. In conventional direct transmission,
R4 and ~4 are fixed. On the other hand, for the rate adaptive



direct transmission, R, and 74 are dynamically adjusted based
on the feedback on the average PER of the nodes.

For multicast with R-DSTC, the source transmits a packet
at a transmission rate of R bits/sec. The nodes that receive
the packet correctly form the relay set R. Note that some
close by nodes can experience a bad fading level and may
not be able to receive the packet, while far away ones may
receive the packet successfully. Each relay in R transmits the
packet simultaneously to other nodes at a transmission rate of
Ry bits/sec. We assume R-DSTC is based on an underlying
STC of dimension L and the minimum of the STC dimension
and the number of relays determines the diversity gain in
the second hop. In order to handle packet losses, the source
employs packet level FEC of rate 7, such that after two hop
transmission, the residual loss rate at each node is equal or
less than the target, (.

We also study a layered R-DSTC scheme where we consider
two layers; base and enhancement layer, and assume each
packet belongs to either the base or the enhancement layer.
The source transmits packets from both layers in different time
slots. The base layer packets go through two hop transmission,
i.e. nodes receiving a base layer packet from the source will
forward this packet in the second hop; whereas the enhance-
ment layer packets go through only one hop transmission by
the source. The FEC rate for the base layer, 74, is chosen based
on the end-to-end PER after two hop transmission for the base
layer; whereas the FEC rate for the enhancement layer, ., is
determined based on the PER after the first hop. We configure
the transmission rates and FEC rates so that the nodes that
receive both base layer and enhancement layers get much
better quality than direct transmission, whereas other nodes
still get quality better than or similar to direct transmission. In
general the enhancement layer can also be relayed, but we only
consider two-hop transmission of base layer for simplicity.

III. PACKET LEVEL FEC AND VIDEO RATE

In order to handle packet losses, we employ packet level
FEC, which is a promising solution for error control in
video multicast over wireless networks [9]-[10]. The basic
idea of FEC is that redundant information is sent a-priori by
the source, in order to be used by the receivers to correct
errors/losses without contacting the source. It is assumed that
each receiver, by using CRC, can identify the packets in error.
The advantage of using packet level FEC for multicasting
is that any parity packet can be used to correct independent
single-packet losses among different nodes.

The lost packets can be viewed as erasures and an erasure
code at the packet level can be used to recover the lost packets.
Specifically, for every s source packets, we need at least m
parity packets in order to recover all the source packets from
the erasures e where e < m. The correction capability e
depends on the code used. A perfect code (such as Reed
Solomon) is a code that can correct up to m erasures, that
is e = m. Assuming an average PER of €, we choose the
number of parity packets m > ne to meet the target residual
error rate, (. The resulting FEC rate is v(¢) = s/(s + m).

With direct transmission, we assume that the maximum
packet error rate among all users in the coverage area of

radius 74 1S €,,4., When the transmission rate is ;. Then, the
corresponding FEC rate is v4(€mqs). We define the effective
data ratio, (3, as the ratio of the bit rate used to transmit
multicast payload data (e.g. video data including the parity
packets) to the total transmission rate. Then, with direct
transmission all the nodes receive a video rate of:

Ry, ="aBRa )

Note that the video rate depends on the transmission rate
as well as the FEC rate, hence the PER. A rate is called
sustainable if its corresponding average PER (without FEC) is
less than er. A higher sustainable transmission rate requires
stronger FEC while a lower transmission rate has lower PER,
so a weaker FEC. Therefore, unlike conventional multicast
where transmission rate and FEC rate are fixed, we also con-
sider a rate adaptive direct transmission mode as in [8], where
the transmission rate and FEC rate are dynamically adjusted
to improve the video rate. For cooperative multicast, we also
optimize the video quality over different transmission rates
and the corresponding FEC rates. We provide the details of
the proposed protocols along with their video rate formulations
in the next section.

IV. OPTIMIZATION OF DIFFERENT TRANSMISSION MODES

We study two different transmission modes: direct transmis-
sion and cooperative multicast. For cooperative multicast, we
consider single layer and layered cooperation.

A. Direct Transmission

1) Conventional Direct Transmission: We assume the
source transmits at the base rate of the underlying network
(e.g. Ry = 6Mbps for IEEE 802.11g) and employs packet
level FEC at fixed rate 4 chosen based on the PER of the
node at the edge of the coverage range at the base transmission
rate.

2) Rate Adaptive Direct Transmission: We assume the
source knows the average channel quality (in terms of the
average received SNR) between itself and every node in the
target coverage area. This can be achieved by monitoring the
channel periodically. Based on the average channel quality
information, among all sustainable transmission rates, the
source makes the decision on the direct transmission rate, R,
and the corresponding FEC rate -y, such that the video rate in
(1) at all nodes is maximized.

B. Cooperative Multicast using R-DSTC

For randomized cooperation, we assume that the source
knows all the average channel qualities between itself and all
the nodes, as well as among the nodes. In order for source
to know the average channel quality among the nodes, the
nodes need to exchange control signals among themselves for
measuring the average SNR and then transmit this information
back to the source.

We assume that a video is divided into segments of duration
T seconds each. For the cooperative scheme, the time 7' is
shared between the first and second hops. Let the sender
transmit for 73 seconds and the relays transmit for 75 seconds,
where T + T5 = T'. Then the total number of bits received



by the Hop-1 and Hop-2 nodes are B; = [R;17 and
By = BRyT5, respectively. We use this formulation to first
discuss single layer cooperation and then generalize to layered
cooperation.

1) Single layer Cooperation: For single layer cooperation,
the relays will forward all the packets they receive without
differentiating between the source and parity packets. The
FEC rate v, depends on the maximum PER ¢,,,, among all
users after two hop transmission. Since we consider end-to-end
packet level FEC, we compute the average PER experienced
by each node in the multicast group using the formulation in
[7]. Note that €,,,4,(R1, R, L) depends on the transmission
rates of both hops, R; and R, as well as R-DSTC dimension,
L and the FEC rate v, depends on €,,,,. Then the video rates
at Hop-1 and Hop-2 nodes are R,, = vsB1/T = vs8R1t1
and R,, = 7sB2/T = ~sfR2(1 — t1), respectively where
tl = Tl/T, tg = TQ/T and t1 +t2 =1.

We choose R;, Rs, L,t; jointly so that Hop-1 and Hop-2
nodes receive the video at the same rate, i.e., R,, = R,, =
R,,. This yields t; = Ry/(R1 + Rz), and the corresponding
video rate for single layer cooperation is:

Ry (R, Ra, L, B) = vsBR1R2 /(R1 + Ro) 2

Among all sustainable R;, Ro, L’s, the source chooses the
optimum R;, Ry, L and the corresponding -y, that maximizes
the video rate. Here, L is chosen as close as possible to the
average number of relays Ng,4. Note that, for large N, N4
may be much larger than L due to practical L values. The
robustness of R-DSTC ensures that even these parameters are
chosen with partial channel information (for example only
based on user count), the performance loss is negligible. This
is argued for data unicast in [6], and will not be explored here
due to space considerations.

2) Layered Cooperation : For layered cooperation, we
define the FEC rates for base and enhancement layers as 7,
and . respectively. Since base layer packets go through two-
hop transmission, 7, (R1, Rz, L) is chosen based on the packet
error rate after two hops and depends on the transmission
rates of both hops, R; and R, as well as L. However,
vYe(R1) is chosen based on the packet error after the first
hop transmission and only depends on first hop transmission
rate ;. If we define p as the ratio of the nodes that receive
both base layer and enhancement layer to the total number of
users, as Ve decreases, the system can tolerate more packet
errors, and we can provide both layers to more users, thus,
increasing . On the other hand, the supportable video rate
for enhancement layer become lower.

For layered cooperation, Bj, the total number of bits for
Hop-1, is allocated among source and parity packets for base
and enhancement layers. On the other hand, since Hop-2 nodes
receive only the base layer, B is allocated among source and
parity packets for the base layer only. Hence, the video rate
for Hop-2 nodes will be same as the single layer:

R’UQ(RlvRQaL7tlvﬁ):,YbﬁRQ(l_tl) (3)

For Hop-1 nodes Bs bits out of B; will be allocated for the
base layer and the remaining B; — By for the enhancement

layer. The video rate for first hop nodes can be expressed as:

R'ul (R17R27L7t176) = ,YbﬂRQ(l - tl)
+YeB(Rity — Ra(1 — t1))

For layered cooperation, we set the video rate of base
layer to a target rate R, which is at least as good as the
direct transmission video rate. Note that the percentage of
the nodes, v that will receive the enhancement layer depends
on R; as well as the enhancement layer FEC, 7., and is a
design parameter. For a given p and R}, among all sustainable
R1, Rs, L’s, the source chooses the optimum R;, Ry, L and
the corresponding 7, Ve, t1 that maximizes the video rate for
the nodes that receive both base and enhancement layers.

“4)

V. RESULTS
We study a IEEE 802.11g based network and consider
a coverage range of 100m radius, r; = 100m, where the

source is at the center of the network and nodes are randomly
uniformly located in this coverage range. For R-DSTC, the
underlying orthogonal STC can have dimensions among L =
2,4, 8. For these STC dimensions, there exist real orthogonal
designs which provides full rate for square constellations [11].
Therefore, the maximum L we consider is 8, even when the
number of relays Ng,4 is much larger.

In our simulations, we consider different numbers of nodes
corresponding to different density networks, and for each
node density we generate 200 different node distributions. We
choose the transmission power of the source at the base rate,
R4 = 6 Mbps, such that all nodes in the coverage range expe-
rience an average PER of 5%, which is a practical assumption
for multicast in wireless networks. From our experimental
work, we have found that a link becomes unreliable and the
connection is often lost when the PER exceeds er = 25%.
Therefore, in our simulations, we only consider transmission
rates which lead to PER < er.

In order to have comparable energy consumption with direct
transmission, we assume that the relay energy per symbol is
set to F, = F /N(wg where E; is the symbol energy of the
source and Ny, is the average number of Hop-1 nodes for a
given node density and transmission rate. Note that due to the
random nature of fading, we do not know the exact number
of nodes that receive the packet at each fading realization of
the network; that is why we compute the average number of
relays based on simulations.

For the FEC computations, we use s = 128 and choose
m such that the probability of the residual error after the
erasure coding (or application layer FEC) meets ¢ < 0.5%.
We observe that when using an error-resilient video decoder,
there is no observable quality degradation when the loss rate
is equal or below this threshold.

We assume the video is pre-coded into a fine granularity
scalable stream from which the sender can extract video bits up
to the maximum supportable video rate of R,, = R,;, = R,,
for the single layer cooperation. In layered cooperation, we
assume the sender can extract up to the maximum supportable
base layer rate R,, for the base layer, and extract additional
bits up to the maximum supportable enhancement layer rate of
R,, —R,,. We assume the base and enhancement layer bits are



_‘_\_‘_“\_\-‘-‘-‘-‘.
po "_‘_\_
UL RDSTC-layered (Both layers)
20l \_\—‘ v RDSTC-layered (Base Layer)
s R4 =—— RDSTC
8 18} ,\' Direct_adaptive
= Direct
jo) |
516
o
3 14t
g
>
3 12¢
Q
$ 10
14
sl
6l
i i i

4 i i i i i i
10 20 30 40 50 60 70 80 90 100

Number of users, NT

Fig. 1. Video Rates vs number of nodes ( 5 = 1, u=10%).

packetized separately and the layer information is embedded
in the packet header.

For direct transmission, we use the base transmission rate
R4 = 6Mbps and since we assume an average PER of 5% in
the coverage range, we apply a FEC rate of v4 = 0.905. For
the remaining modes, for each node distribution, we first find
the optimal parameters numerically as discussed in Section
IV and present the average video rates over different node
distributions.

In Figure 1, we illustrate the performance of different modes
as a function of different number of nodes in the network.
For layered cooperation, we set u = 10% and the base layer
video rate R, = 2R,,,. As illustrated in the figure, for direct
transmission, the video rate does not change with number
of nodes as transmission and FEC rates are fixed. For rate
adaptive multicast, since the transmission and FEC rates are
chosen based on the channel conditions, for a large number
of nodes, there is a higher chance that there will be some
node at the edge of the coverage range. These nodes have
higher PER and hence the system must choose a lower FEC
rate to guarantee these users residual loss rates are less than
the target, yielding a lower video rate. For the cooperative
multicast systems, as the number of nodes increases, more
relays participate in the second hop transmission, making the
end-to-end PER lower and hence the supportable video rate
higher. The performance of the proposed scheme with single
layer outperforms both direct transmission and rate-adaptive
direct transmission, and layered cooperation provides further
improvements and differentiated quality to different nodes.

We also consider the quality of the receivers in terms of av-
erage PSNR values for the Foreman and Bus video sequences
and compare the performance of different transmission modes
in Table I. We use a H.264/SVC codec with SNR scalability
and encode CIF resolution (352x288) video sequences at the
maximum video rates (assuming S = 0.05) supported by
different transmission modes for a dense network (/N;=80).
For both sequences, single layer cooperative multicast achieves
4dB and 2dB improvement compared to direct transmission
and rate adaptive direct transmission, respectively. Such gains
in PSNR lead to significant visual improvement.

Direct Rate Single Layered Layered

Adaptive | Layer R-DSTC R-DSTC

Direct R-DSTC (Both (Base

Layers) Layer)

Foreman | 30.12dB | 32.52dB 34.38dB 36.55dB 32.53dB

Bus 23.04dB | 25.40dB 27.09dB 29.27dB 25.41dB
TABLE 1

VIDEO QUALITY FOR DIFFERENT TRANSMISSION MODES
(8 =0.05, Ny = 80, o = 10%)

VI. CONCLUSION

In this paper, we propose a cooperative layered video
multicasting scheme using R-DSTC along with packet level
FEC to enable error resilient video delivery. We optimize
the transmission rates of the first and second hops as well
as the STC dimension, to maximize the supportable video
rate at all nodes in the single layer system. In the layered
case, we maximize the supportable video rate for the first
hop while fixing the video rate for the second hop. We show
that the proposed scheme with single layer outperforms both
conventional multicast and rate-adaptive direct transmission,
and layered cooperation provides further improvements and
differentiated quality to different nodes.

In this paper, for a given transmission rate, we choose the
FEC rate so that the residual loss rate is less than a target.
One research direction is to consider joint optimization of
transmission rate and FEC rate to minimize the end-to-end
distortion or some other criterion.
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