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Abstract—In this paper we consider packetized video trans-
mission in cooperative relay-based wireless networks. We propose
algorithms for optimized relay selection that take into account the
content of each specific video packet. Our first algorithm, that is
designed for a narrowband flat-fading channel and single-carrier
modulation, selects jointly the optimal relay and video packet for
forwarding. Our next algorithm is an extension of our main idea
for OFDM modulation that is suitable for frequency-selective
fading channels. In this case in addition to optimized packet
and relay selection, our algorithm also jointly selects the optimal
power level for each subcarrier. The key benefit of our algorithms
is that they are fully distributed since they require no explicit
communication among the relays but they only use passively
collected information. We perform an extensive evaluation of our
algorithms for different system configurations.

Index Terms—Cooperative systems, relay selection, wireless
video, utility optimization, packet overhearing, rate allocation,
cross-layer optimization, OFDM.

I. INTRODUCTION

High quality video streaming in wireless networks is one of
the hottest mobile applications today. The widespread adoption
of mobile devices that are capable of handling sophisticated
and high data-rate wireless communication algorithms is pro-
pelling this demand. The video traffic explosion in wireless
networks is expected to accelerate even more [1]. To address
this massive demand for high quality video, mobile network
operators have several options in their arsenal. One is the
deployment of relay nodes at different locations within the
coverage area of a single cell. Relays can be deployed in small-
cell configurations in order to process the received signal from
the base station (BS) before forwarding it to the destination
(Fig. 1). This type of cooperation among different network
nodes provides a flexible alternative to the use of multiple
antennas in order to create diversity for the transmitted signals
and lead eventually to higher throughput [2]. Although cooper-
ative diversity with relays has been investigated considerably
from a theoretical perspective, in the immediate future the
prospects of being implemented are better than ever precisely
because of the high demand for increased bandwidth and
coverage. Many standards like LTE-Advanced and WiMaX,
support relay-based transmission modes that have been shown
to be practical [3].

Wireless cooperative transmission of video streams has been
studied in the literature considerably the last few years but the
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Fig. 1. Cooperative network model that includes a source, a number of relays
and destinations. Here, only the packet flow towards Dj is shown to avoid
clogging the figure. The dashed lines indicate the overheard packets from a
helping relay.

term cooperative transmission may span techniques applicable
at different layers of the protocol stack. The case of layered
encoded video in conjunction with the novel PHY technique
of distributed space-time coding (DSTC) was studied in [4].
DSTC was employed in that work in order to improve the
decoding of the PHY symbols when multiple receivers are
involved. One important issue that must be addressed in DSTC
is that the relays must transmit simultaneously which means
perfect synchronization is required. Furthermore, the signal
diversity benefits of DSTC can also be achieved in a distributed
network with simpler protocols according to which it is enough
to select the relay with the best channel [2]. An important
observation is that the previous schemes focus on using a
cooperative transmission approach for increasing the reliability
of packet transmissions that eventually translates to higher
throughput/video quality. However, the potential performance
impact of embedding video-awareness into the relay selection
process has not been investigated very thoroughly. Recently,
there are some works towards this direction. In [5] the authors
proposed the cooperative relay selection by modeling the
system as an Markov Decision Process (MDP). The commu-
nication model considers only uplink transmissions towards
an access point (AP). Even though the approach minimizes
information exchange between networks nodes, still there is a
need for message passing rounds between the relays and the
AP.

Further study of the problem of video-aware relay selection
reveals that it is unexplored when we consider relays that
use advanced modulation schemes like orthogonal frequency
division multiplexing (OFDM). Research works that propose
embedding video-awareness in OFDM systems do not consider
the case of cooperative transmission based on relays. In [6]



the authors considered uplink streaming over OFDM. In [7],
[8] the authors considered the problem of OFDM subcarrier
power allocation for wireless real-time encoded video in a
downlink scenario and without relays. Finally, another aspect
of the OFDM-based video transmission schemes that can be
found in the literature is that the power allocated to the
subcarrier is independently allocated from the content of the
video packet that is transmitted. For example in [9], [10] the
authors considered an ordering of the subcarriers depending
on the channel fade.

In this paper, we target the optimized video delivery in
a wireless cooperative network (Fig. 1). We propose a fully
distributed relay selection algorithm that incorporates into the
relay selection process the video content of the packet to be
transmitted. Our scheme first selects the best relay from a set
of M available relays and then uses this relay for cooperation
between the source and the destination. Our method is fully
distributed and requires no topology information and exchange
of special messages between the relays. Only passively col-
lected local measurements of the channel state is used at
the relays. This approach is also extended for an OFDM
modulation scheme. In this later case besides the video-aware
relay selection, we jointly optimize the allocated power to
each subcarrier depending on the video content of the packet
that requires transmission. Thus, our concrete contributions are
two:

1) Our first contribution is that we propose an algorithm
for video-aware optimized relay selection in cooperative
systems that requires no information exchange between
the relays and any other node.

2) Our second contribution is that we propose a relay se-
lection algorithm for OFDM-based cooperative systems
that jointly executes with the relay selection task the
subcarrier power allocation that is video-aware.

II. SYSTEM MODEL AND ASSUMPTIONS

Network Model: In this paper we consider the unicast
streaming of a set A/ of IV pre-compressed video streams from
a single source node to N destination nodes that each one is
interested in a specific video stream. Besides the source and
the destinations, the network also includes a set R of M relays
(it may be that M > N) that their task is to aid by forwarding
traffic to the destinations as seen in Fig. 1. We assume that
the M neighboring relays are densely deployed as shown in
Fig. 1 and they can overhear each other.

Video source rate adaptation and Packet Transmission:
The source s multiplexes the packets of different flows and
broadcasts them to the relays. The source transmits video flow
n at rate r,. We apply rate adaptation in order to calculate
the streaming rate r,, that is optimal for each flow n given
the end-to-end available data rate [11]. To accomplish that,
the packet error rate information is periodically collected at
the source (e.g. through RTP messages) and then the source
executes a rate allocation algorithm to derive the optimal 7.
Since we perform rate adaptation/allocation at the source based
on information for the complete end-to-end channel, we know

that all the packets that are transmitted from the source should
reach the destination and not be dropped. Therefore, the relays
know that they must transmit all the packets in their FIFO
buffer (this behavior is similar to employing TCP).

Video Content Model: The rate-distortion (R-D) informa-
tion associated with packet ¢ is contained in each packet header
and it consists of its size AR(7) in bytes, and the importance of
the packet for the overall reconstruction quality of the media
presentation denoted as AD(i) [12]. In practice, AD(7) is
the total increase in the mean square error (MSE) distortion
that will affect the video stream if the packet is not delivered
to the client by its prescribed deadline [13]. It is important
to note at this point that the value of the MSE distortion in
AD(%) includes both the distortion that is added when packet
1 is lost and also the packets that have a decoding dependency
with ¢'. In this way the utility formulation considers also the
possible drift that might occur due to the loss of particular
packets/video frames.

Channel Access: The channel access scheme employed
by the source node/relays follows a simple structure widely
adopted in cooperative networks. The basic cooperative pro-
tocol separates a single time slot into two phases (see Fig. 2).
The source node broadcasts in the first phase. During the
broadcast phase the M relays also overhear this transmission.
Next, there is one forwarding phase from a relay to destination
node. The relay that will obtain access to the channel and
transmit, is selected in a distributed fashion as we will describe
later in this paper.

Channel Model and PHY Modulation: At the PHY we
first assume the use of single-carrier (SC) Phase Shift Keying
(PSK) modulation scheme. All the channels are considered
to be narrowband block-fading Rayleigh. The channel coef-
ficients are quasi-stationary, that is they remain constant for
the coherence time of the channel (slow fading). We denote
the channel from the source s to the r-th relay as h,,, and
the channel from the r-th relay to destination d as A, gq.
Additive white Gaussian noise (AWGN) with zero mean and
unit variance is assumed at the relays and the destinations. We
also assume that each transmitter employs a type of ARQ (e.g.
hybrid ARQ) that is typical in cellular and WLAN standards.
We also consider OFDM modulation. In the OFDM case the
bit sequence that constitutes a single packet is de-multiplexed
into each of the used subcarriers. We also assume channel state
information at the transmitter (CSIT) is available for both the
SC and OFDM modulation schemes.

Packet Overhearing at the Relays: With our system,
when a packet is broadcasted from the source node it may be
received at an arbitrary number of relays. If the relays are left
without coordination they may transmit the same packet to the
same destination. To avoid duplicate packet transmission we
propose a simple protocol: When a relay forwards a packet
to the next hop destination, the remaining relay nodes also
overhear this DATA transmission and its acknowledgement

'For example the AD for an I frame includes the AD of the P and B
frames that depend on it.
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Fig. 2. Behavior of the cooperative protocol in the time domain. Time is
slotted and each slot is separated in two phases. Which relay will transmit
and what packet are the targets of our optimization in this paper.

through the ACK. By following this approach, the neighboring
relays know that if they have the same packet in their buffer,
there is no need to transmit it in the next time slot that they
obtain the channel. Instead, they discard it if they also overhear
this ACK. In case a packet transmission from a relay fails, this
is detected by the lack of an ACK message. So all the relays
retain the lost packet since any one of them may transmit
it in the next opportunity they have. Therefore, this simple
overhearing algorithm allows the relays to forward uniquely
each video packet to the next hop without exchanging detailed
buffer maps regarding the data they have, and with the minimal
implementation requirements.

III. VIDEO-OPTIMIZED DISTRIBUTED RELAY SELECTION
IN A NARROWBAND CHANNEL

In the case of digital wireless transmission over slow fading
channels when the channel is in deep fade the transmitter
must employ channel coding and interleaving over many
channel coherence periods in order to achieve the ergodic
rate of the channel [14]. However, the previous approach
introduces significant delays for real-time data transmission.
The fundamental approach that addresses this problem is
diversity, i.e. the use of many independently transmitted copies
of the same information. Cooperative diversity with relays is
such a method and we will use it in this paper. Cooperative
diversity can be applied in conjunction with relay selection
protocols that are responsible for selecting the relay with the
best channel. This approach has been shown to be effective
in maximizing the diversity benefits even without the use of
STC [2]. In this paper cooperative diversity is also employed
but the novelty is that our system identifies not only the optimal
relay but also the optimal packet and relay combination
from all the available relays and all the received packets
at the relays. The key observation is that because of the
broadcast transmissions from the source, the same packet
may be available at many relays while the relay that has the
best channel towards a destination may not have received an
important video packet.

A. Problem Formulation

The last observation that motivates this paper must be
converted to a concrete problem formulation. The intuition
behind our problem formulation is based on the interpretation
of fading events on the channel capacity. More specifically, for
a slow fading channel with fading gain A, transmission power
P, AWGN with zero mean and variance Ny, and bandwidth

W, the Shannon capacity W log(1+ %};‘2) can be seen as the

number of bits/sec that the channel can reliably transmit [14].
Our description of the optimization problem further clarifies
the practical use of the previous observation. Let us denote
the utility and the length of the current HOL packet at relay
r as AD, and AR, respectively. Let also & be a vector
that contains the activation variables for the involved relays,
ie. x, is 1 if relay r is selected in the current slot. Thus,
the problem of distortion-optimized relay selection over a
narrowband fading channel is defined as follows:

AD,
AR,

P|hr7d|2)
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The rationale of this form of the optimization objective is that
the utility of the HOL packet is multiplied by the instantaneous
rate of that particular relay and the result is a scaled utility
metric. This approach couples first the impact of relay selec-
tion through z,, and the ratio ﬁg: of a specific packet, with
the instantaneous achievable rate of the Rayleigh slow fading
channel. Consider for example two relays with hy g < ha g
Assuming an optimal capacity-achieving AWGN code relay
r=1 can reliably communicate at a rate log (1 + P‘hN—TOdF)
bits/sec. Even if the second relay can reliably communicate
more bits, the result is that if a packet of high utility is
available at the first relay this specific packet is selected for
transmission. A critical observation is that when a packet to
be transmitted has size AR that is larger than the achievable
channel rate, then we cannot reliable communicate this number
of bits. This is captured by the first constraint (C1) of problem
OPT1. When this constraint is not satisfied this is usually
referred to as an outage event. Constraint C2 ensures that only
one relay transmits.

) €

B. Distributed Solution with Video-Aware Channel Access and
Relay Selection

Now the first question is how to solve this linear program
(LP) in a distributed fashion. Calculating the optimal Z* would
be easy to be performed in a centralized fashion but this is
not possible in our case since each relay knows only its local
channel estimate h,. 4. Relay selection is a typical issue that has
to be addressed in cooperative wireless networks. In several
works this problem has been addressed with simple distributed
solutions [2], [15].

In our system, it is implemented as follows. First, when the
relay transmits a packet, and the destination transmits an ACK,
all the relays estimate the channel towards the destination.
Based on the wireless channel reciprocity property the channel
gain serves as a good estimate of the forward channel from the
relay to the destination [14]. To solve OPT1 in a distributed
fashion, a relay calculates the scaled utility, and it accesses the
channel by setting a specific timer depending on this value. In



particular the timer is set equal to
raial]
T = log(1 + PIhT al® )

TO, = [ M)

This happens only when Cl1 is satisfied. In any other case
the relay does not contend for the channel and does not set
this timer. Now in the case that CI is satisfied and the relay
has set the timer as described before, the result is that this
timer will expire first for the relay that has calculated a higher
scaled utility value. Fig. 3 depicts this channel access scheme
that takes into account the utility of the video packet that is
transmitted. Note that the duration of the timer is very small
relative to the packet duration (a few PHY symbols compared
to a few thousand symbols) and that is why we ignore its
duration later in our evaluation.

This is the novel aspect of our approach: The optimal relay
is not the one that simply has the best channel h, but the one
that has the most important HOL media packet and it can also
transmit it reliably without the channel being in outage.

IV. VIDEO-OPTIMIZED DISTRIBUTED RELAY SELECTION
FOR OFDM MODULATION

A. Problem Formulation

In our next problem formulation we consider the case that
the modulation scheme is OFDM. In this case we have to
identify the optimal relay and also the optimal power for each
subcarrier that the relay uses. Given a total power budget P
Watts and C' subcarriers for each specific relay, the task of the
relay is to decide what is the power p, . it must allocate to
the c-th subcarrier. Thus, we have:

M C
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In this problem formulation the channel gain of each subcarrier
¢ from relay r to the destination d is denoted as h,. 4(c). Now
the rate that can be achieved depends on the channel gain of
each subcarrier ¢ and the power allocated to it. In the utility
function of problem OPT2a, the goal is to select the best relay
among all given this additional degree of freedom. The first
constraint C1 ensures that the power allocated to the C' total
subcarriers for each relay will not overcome the total power
budget P for this relay. The second and third constraints C2,
C3 serve the same role as the first and the second constraints
of the problem OPT1 for the single-carrier narrowband relay

selection case. In particular, these constraints ensure that relay
r can reliably communicate with the destination node and that
only one relay is used for transmission in a specific time slot.

Solution. To solve the previous problem we note first that
there are integer and continuous variables. Thus, it is a non-
convex and NP-hard problem to solve. However, we can
decouple it into a convex and linear subproblems following
the approach in the previous section. We can solve it in three
steps as follows.

Step 1: The relay r selects an optimal power allocation by
solving the equivalent problem OPT2b we define next:

c
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This convex problem formulation identifies the best subcarrier
power allocation that considers however the utility of the HOL
packet 3 AD =, For solving this problem we form the Lagrangian
of the convex problem OPT2b:

C
(/\7]5):Zigr 1Og(1+p7ﬂC|T7d) Zprc_
c=1 T

where ) is the Lagrange multiplier. The solution is a variation
of the well-known water-filling result. After applying the
K.K.T. for relay » we have that the optimal subcarrier power
is:

i AD, /AR,
= (5 )

What the above result means is that the optimal power that
is allocated from the relay for the transmission of the HOL
packet depends on its utility.

Step 2: In the next step, for the calculated solution the relay
checks if the packet length complies with the rate constraint
(defined as constraint C2 in OPT2a. If this is true then it
proceeds to step 3. Otherwise the relay does not contend for
the channel since it cannot ensure reliable communication even
with an optimal power allocation.

Step 3: Finally, the relays in a distributed fashion contend
for the channel similarly with the narrowband channel case,
i.e. by setting the timer with the scaled value, as we described
previously. In this case the scaled utility depends on the
achieved rate over all the OFDM subcarriers.

V. PERFORMANCE EVALUATION

In this section, we present a comprehensive evaluation of
the proposed algorithms comprising our framework through
simulations. We have implemented both the PHY outlined in
Section II, the video streaming system, and the overhearing
and relay selection algorithms in Matlab. The number of relay
nodes M is kept small since the simulator operates at the
PHY symbol level (not packet-level) requiring thus significant
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Fig. 3. The timer of the relay with the packet of the highest scaled utility
expires earlier obtaining thus first access to the channel.

amount of execution time. Regarding the lower layer param-
eters we assume a channel bandwidth of W=20 MHz, while
the same Rayleigh fading path loss model was used for all the
channels. Our assumptions in this case includes a frequency-
flat fading wireless link that remains invariant per transmitted
PHY frame, but may vary between simulated frames. The
noise over the wireless spectrum is AWGN with the variance
of the noise to be 107 Watts/Hz at every node/link. The
average channel SNR depicted in the horizontal axis of all
the figures was assumed to be the same for all the links but
it varied independently during each channel realization. We
also enabled the ARQ mechanism for the evaluation of the
above systems. These ARQ feedback processes are assumed
without error. Note that in all figures we present the utility
divided by the number of required time slots for delivering a
prescribed media file. This means the impact of ARQ delay
is also considered.

The rate allocation at the source was exercised for the dura-
tion of 10 GOPs. The media content used in the experiments
consists of the CIF sequences MOTHER & DAUGHTER and
FOREMAN that were compressed using the SVC H.264 codec
[16] at the rates of 203 kbps and 328 kbps, respectively. Each
video frame was packetized in one slice. For the experiments
with two video flows both sequences were used. A number
of 300 frames from each sequence were encoded at a frame
rate of 30 fps using the following frame-type pattern IBBBP.
The GOP size was set to 32 frames. Also, the startup/playback
delay of the video presentation at every node is denoted as d;.
In all the figures, the results correspond to the average PSNR
enjoyed by a all relays and the destination for the duration of
300 seconds. Finally we must mention that we did not use any
form of error concealment in order to demonstrate clearly the
impact of our specific metric/optimization scheme.

We examine the performance of different system configura-
tions. The first algorithm named video unaware relay selection
(VURS) and uses a relay selection scheme that takes into
account only the best channel h,, between the relays and
the destination [2]. Our scheme is named video-aware relay
selection (VARS). For the simulation of the OFDM system we
also used a configuration that is video-unaware and it executes
optimal power allocation according to the classic water-filling
approach. The previous system is compared to our VARS
OFDM-based system. We also examined the effect of using
a different number of subcarriers.
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Fig. 4. Results for the average system quality when streaming to two

destinations the two flows MOTHER & DAUGTHER and FOREMAN.

A. Results for a Single-Carrier Narrowband System

In this section, we study the video quality that can be
achieved with all the systems we described before. Results
for streaming to two destinations the two video flows can
be seen in Fig. 4(a). We also configured a slightly higher
startup delay of 5 sec due to bandwidth splitting across the
two users. For lower values of the average channel SNR the
relay selection schemes show almost the same behavior. This
is because in the lower SNR regime the channel is in outage
frequently and a packet cannot be transmitted reliably with
any scheme. On the other hand, in the higher SNR regime the
benefit of VARS is quite significant when compared to VURS.
This means that when the channel quality is good, the utility
of the video packet is a crucial factor for the optimal relay
selection. In particular in this case several relays might have
a good channel and so many of them can send a video packet
reliably. However, only VARS ensures that this is a packet that
has the highest utility. We also evaluated a system where we
enabled the ARQ mechanism that typically exists at the link
layer (IEEE 802.11, LTE, WiMaX) in Fig. 4(b). In this case
we also set d;=10 seconds to accommodate for the impact of
the ARQ mechanism. We see now that the startup delay is
increased, and the retransmissions are also allowed, this has
impact on the quality of the both systems in a specific channel
SNR regime.

We also measured the real-time value of PSNR at the
destination for the case of two and three relays. A value for the
average channel SNR of 25dB was used. In Fig. 5 we see that
indeed our scheme for VARS can achieve the best real-time
video quality when the channel is improved.

Another key benefit of our approach is that it takes into
account the precise utility of each video packet. In Fig. 6 we
present the average quality for each one of the destination
nodes. These results correspond to the case of an enabled
ARQ mechanism and M=2,3 relays. As it can be seen in this
figure, we can have significantly better results for the video
sequence that has packets of higher utility value (in this case
FOREMAN). Recall that Foreman has significant motion and
so it has packets with higher utility.
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Fig. 5. Real-time PSNR results for the streaming of the two flows MOTHER
& DAUGTHER and FOREMAN when measured at their respective destina-
tions.
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Fig. 6. Comparison of FOREMAN and MOTHER & DAUGHTER.

B. Results for OFDM

In our OFDM experiments, we used M=23 relays as
intermediate nodes between the source and the destinations
while we did not enable the mechanism of ARQ. We also
evaluated the effect of different number of subcarriers and
more specifically the cases of C'=5, and C'=10. Generally, with
an increase in the number of subcarriers that each relay uses,
a smaller PER can be achieved from the relays to destination
leading to better quality of video at the destination nodes. In
any case, as it can be shown in Fig. 7 with our video-aware
algorithm we observed significant improvement in the video
quality when compared to the video-unaware OFDM power
allocation approach.

VI. CONCLUSIONS

In this paper we presented video-aware relay selection al-
gorithms for fading channels with SC and OFDM modulation
systems. Our motivating observation is the broadcast nature
of the wireless channel that allows the same packet to be
available at many relays while the relay that has the best
channel towards the destination may not have received an
important video packet. To address this problem we proposed
an algorithm that selects both the optimal relay and video
packet so that the video quality is maximized. Our second
contribution is the development of an algorithm that selects
not only the optimal relay and packet combinations but also
allocates optimally the transmission power to each subcarrier
of an OFDM system. Significant performance improvements

were observed for all the proposed systems.
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Fig. 7. Comparison of the tested OFDM-based systems with different number
of relays and subcarriers.
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