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Abstract 

Video streaming service in multihop wireless networks 
becomes more popular and practical with the advanced 
technology. This paper considers video transmission in 
multihop wireless networks with cooperative relay to in-
crease the transmission rate at the bottleneck link. For 
each vedio source and destination (s-d) pair we are inter-
ested in determining the route and possible cooperative 
relay node to guarantee the required transmission rate, 
delay and high Peak Signal to Noise interference Ratio 
(PSNR). The problem is formulated as a mixed integer 
nonlinear programming (MINLP) problem which is NP-
hard. An algorithm which is based on the maximum ca-
pacity path is developed to obtain the highest data rate 
path which satisfies delay bound and hop-count limitation. 
The performance of the algorithm is demonstrated with 
various conditions in the simulation. 

1 Introduction 

Cooperative communications have emerged as a promis-
ing approach to achieve spatial diversity and thereby re-
duce the negative effects of fading on wireless channels. 
Spatial diversity is generally in the form of employing 
multiple transmitter receiver antennas (e.g., multiple-input 
and multiple-output (MIMO)) [1]. However, equipping a 
wireless node with multiple antennas may not be practical. 
Recent studies address this limitation through the use of a 
new paradigm known as cooperative communications that 
draws from the idea of using the broadcast nature of the 
wireless channel to achieve spatial diversity. Under coop-
erative communications nodes equipped with a single 
transceiver (cooperative relay) capture a neighboring 
source’s transmission and relay it to the designated desti-
nation. The destination combines multiple streams of the 
same information from both source and relay nodes to 
recover the original information with high probability. 
Therefore, by cooperatively relaying the information to 
the destination, nodes equipped with single antenna 
achieve the same advantages as those found in MIMO 
systems. Cooperative communications thus provides spa-
tial and path diversity that improves system performance 
with a single antenna and increases the transmission rate 
and reliability [1, 2]. 
Video transmission requires high throughput (e.g., video: 
0.5~4 Mbps, audio: 192kbps) and stringent delay. Espe-

cially, interactive video delay above 400ms and streaming 
video delay over 4-5s is unacceptable. Transmission data 
rate should be equal to or greater than video encoding rate. 
Video transmission sometimes requires heterogeneous rate 
demand, meaning each video session requires a different 
video quality (HD, FHD, etc.) according to the kind of 
devices, channel quality, etc. 
However, the common objective of most research is to 
optimize physical layer performance measures (BER, link 
outage probability) or overall network throughput. They 
don’t consider the impact of cooperation on video trans-
mission. In this paper, we focus on the video transmission 
with cooperative relay. We consider multiple access strat-
egies such as Time Division Multiple Access (TDMA) for 
multiuser systems and multiple sources.  
The remainder of this paper is organized as follows. In 
Section 2, we discuss related work in detail. Section 3 
provides reference model for cooperative communications 
and introduces the problem formulation. Proposed algo-
rithm is explained in Section 4 with computation result in 
Section 5. Finally, we conclude this paper in Section 6. 

2 Related work 

Research of cooperative communications at the physical 
layer has been very active in recent years. In [3, 4], 
achievable rates and diversity gains are investigated. In [5], 
studies on physical transmission techniques such as ampli-
fy-and-forward (AF) and decode-and-forward (DF) are 
introduced. In [6], the study focused on node assignment 
problem in single-hop network. In [7, 8], the authors pro-
posed heuristics to solve the routing problem with relay 
node assignment. 
For multi-hop networks, Sharma et al. [9] studied a joint 
optimization problem of relay node assignment and flow 
routing, with the objective to maximize the minimum rate 
among a set of concurrent sessions. They developed a 
mathematical model and proposed a solution procedure 
based on the branch-and-bound framework augmented 
with cutting planes. Sharma focused on cooperative sys-
tems where one relay node receives data from only one 
node, and to transmit data to one other node. However, in 
multiuser systems, multiple sources may be accessing the 
cooperative channel simultaneously, and, thus, multiple 
access strategies must be devised to separate such as 
TDMA with single antenna. 
For multi-hop video transmission, Kompella et al. [10] 
investigated the joint problem of optimal path selection 
and rate allocation for multiple video sessions, with the 
objective to minimize the video distortion. However, co-



operative communications was not considered for the mul-
ti-hop video transmission in the study. There are several 
excellent contributions in cooperative video transmission. 
In [11, 12], Guan et al. studied cross-layer design tech-
niques for video streaming over single-hop cooperative 
networks. The problem of joint rate control, relay selec-
tion, and power allocation is formulated as a mixed-
integer nonlinear problem, with the objective of maximiz-
ing the sum PSNR of a set of concurrent video sessions. 
We consider joint flow routing and cooperative relay node 
selection for video transmission in multi-hop wireless 
networks. 

3 Problem statement 

3.1 Cooperative communications in Multi-hop 
Networks 

Cooperative communications refers to systems or tech-
niques that allow users to help transmit each other’s mes-
sages to the destination. The essence of cooperative com-
munications is to exploit (1) the wireless broadcast ad-
vantage and (2) the relaying capability of neighboring 
nodes so as to achieve higher data rate and lower trans-
mission error [2]. Most cooperative transmission schemes 
involve two phases of transmission: a coordination phase, 
where users exchange their own source data with each 
other and/or the destination, and a cooperation phase, 
where the users cooperatively retransmit their messages to 
the destination. 

 

Figure 1. A simple protocol of a three-node model for 
cooperative communications 

Figure 1 shows a simple protocol of a three-node model 
for cooperative communications, where node s is a source 
node, node d is a destination node, and node r is a relay 
node. In the coordination phase (i.e., Phase1), the source 
node broadcasts its data to both the relay and the destina-
tion and in the cooperation phase (i.e., Phase2), the relay 
forwards the source’s data to enhance reception at the 
destination. There are two common cooperation strategies: 
amplify and forward (AF) and decode and forward (DF). 
In AF, the relay simply amplifies the received signal and 
forwards it to the destination. With DF, the relay first de-
codes the received signal, and then forwards it if it can be 
successfully decoded. 
In this paper, we employ orthogonal channels to resolve 
contention in multi-hop wireless network. Under this 

model, each node uses separate channels for transmission 
and reception and thus can transmit and receive data on 
different channels at the same time without self-interfering. 
In order to achieve the maximum rate under cooperative 
communications, we assume that the source and e relay 
node should transmit at their maximum power P . Thus, 
we set

s rP P P  .We also consider the amplify and for-

ward strategy. 
 

3.2 Network Setting 

We consider a multi-hop video transmission network, 
where each source node compresses a video sequence at a 
given rate. We employ orthogonal channels in the network, 
which allow different nodes to transmit simultaneously 
without interference. The video content is queued at the 
each node buffer and then transmitted to the destination 
through multi-hop direct or cooperative links. It is as-
sumed that a node can be parts of several links using 
TDMA technology in the network.  
In [14], Zhao et al. showed that for a single hop, the diver-
sity gain obtained by exploiting multiple relay nodes is 
only marginally higher than the diversity gain that can be 
obtained by selecting the best relay. As a result, we only 
consider at most one relay node for cooperative communi-
cations between each pair of sender and receiver. 
 

3.3  Delay analysis 

End-to-end delay indicates the time taken to send a packet 
from a source to a destination node. Contrary to band-
width, delay is an additive metric. Thus, the delay along a 
path is equal to the sum of the delays on the one-hop links 
(each node) of this path. The packet delay on a specific 
one-hop link, denoted by D , can be divided into three 
parts [15]. The transmission delay (

transmissionD ) is the 

amount of time required to push all of the packet's bits 
into the wire. In other words, this is the delay caused by 
the data-rate of the link. The queuing delay (

queueD ) which 

represents the interval between the time the packet enters 
in the queue of the link’s emitter and the time that the 
packet becomes the head of line packet in this node’s 
queue. The propagation delay (

propagationD ) is the amount of 

time it takes for the head of the signal to travel from the 
sender to the receiver. The electric signals travel quite fast, 
so their propagation time is negligible. 

( )transmission queue propagationD D D D    

We employ a simple M/M/1 tandem queue model as in 
[11]. The packet arrival follows a Poisson distribution of 
parameter video encoding rate, the service rate follows an 
exponential distribution of parameter link capacity. The 
output process of an M/M/1 queue in steady state is Pois-
son with the same parameter as the input process [15,16]. 
The average queuing delay 

sD of video session s is addi-

tive and can then be expressed as 

( , ) s

s
s

link i j Path ij ij

L
D

C R


  (1) 



where 
ijC and 

ijR  are the capacity and the aggregated vid-

eo encoding rates traversing link ( , )i j , respectively, and 

sL  is the average packet length. 
sPath  is the set of the link 

for video session s transmission. 

.  

3.4 Multiple access 

In [9], Sharma focused on cooperative systems where one 
relay node receive data from only one node, and to trans-
mit it to one other node. However, in multiuser systems, 
multiple sources may be accessing the cooperative chan-
nel simultaneously, and, thus, multiple access strategies 
must be devised to separate such as TDMA with single 
antenna [1]. 
 

 
Figure 2. Shared relay 
 
Specifically, we consider the case of designated relays, 
where each source is served exclusively by one or multi-
ple relays, and the case of shared relays, where multiple 
sources are served by a common set of relays. In the case 
of designated relays, the resources of a given relay are 
allocated completely to a single source and, thus, the sys-
tem is simple to implement. However, the diversity gain 
achievable in this case is often limited since the number of 
relays that can be designated to one particular source is 
usually small. In the case of shared relays, more than one 
source may be transmitting through a common set of re-
lays and, thus, the resources at the relays must be properly 
allocated to maximize cooperative advantages received by 
the sources. Higher diversity gains can potentially be 
achieved compared to the designated relays. 

Denote by ,ij Mw  and ,ij Cw  the resource proportion used 

on link ( , )i j  for multi-hop relay and cooperative relay, 

respectively. ,ij Mw  and ,ij Cw  are defined since a link 

can be used as a part of direct transmission and coopera-
tive relay simultaneously in the network. The summation 

of ,ij Mw  and ,ij Cw  for node i should be equal or smaller 

than one. 
 

3.5 Video Rate-Distortion Model 

The video quality is measured in terms of PSNR, which is 
a monotonically decreasing function of the mean-square 
error (MSE) [17]. 

10 max10log ( / )s sPSNR Distortion Distortion  (2) 

sPSNR  represents the PSNR of video session s . 

sDistortion  is the corresponding video distortion and 

maxDistortion is a constant parameter representing the max-

imum of possible distortion. 
PSNR is most commonly used to measure the quality of 
reconstruction of lossy compression codecs. The signal in 
this case is the original data, and the noise is the error in-
troduced by compression. In [18], the rate-distortion mod-
el is analysed as 

2
0 1 2s s sPSNR R R      (3) 

where 
0 ,

1 and
2 are video-specific parameters. It pro-

vides estimated values for end-to-end PSNR using 
rate

sR .of video session s. 

 

3.6 Mathematical Model 

In this section, we present a mathematical model of max-
imizing the sum of PSNRs of multiple video sessions by 
jointly controlling the video encoding rate, relay selection, 

flow routing, and weight problem. Denote S  as the set of 

video sessions and N  as the set of nodes in the networks. 

Set N  has three subsets of nodes, 1) the set of source 
nodes,

1 2{ , , , }s nN s s s  , 2) the set of destination nodes, 

1 2{ , , , }d nN d d d  , and 3) the set of remaining nodes 

that are available for serving as relay nodes, 

1 2{ , , , }r mN r r r  . 
In [9], a sophisticated version of the model for node selec-
tion and flow routing in multi-hop networks is proposed. 
We modified the objective function, several constraints 
and variables to be suitable for the video transmission 
environment. 
A binary variable is defined to indicate whether an availa-
ble relay node is used as Cooperative Relay (CR) or not. 

1

0
k
ijCR


 
   

if node  is used as a CR on link( , )

otherwise

k i j

 
We also introduce another binary variable to specify 
whether or not the link from i to j is active in the routing 
solution. 

1

0ijMR


 
   

if node  is the next hop node of node 

otherwise

j i  

The binary variable 
s

ijf
 

indicates whether the link (i, j) is 

used or not for the session s. 
1

0
s

ijf


 
   

if link ( , ) is used by video session 

otherwise

i j s  

Equation (4) represents that a link (i, j) should be used as 
part of a path to assign a node k as a CR node. 

,

0
k i k j

k
ij ij

k N
MR CR

 


   (4) 



The constraint (5) indicates that total sum of resource 
weights of link (i, j) for a certain node i and all the node j 
cannot exceed one. 

, , 1       
i j i j

ij M ij C
j N j N

w w i N
 

 

      (1) 

Equation (6) shows the flow conservation of each node. A 
video flow is transmitted from the source node to the des-
tination node. The source node only has the outflow and 
the destination node only has the inflow. For all the other 
nodes, except for the source and destination nodes, the 
outflow and the inflow should be the same. 

,

0,  

,

si j i j

s s
j N j N

s

s

r
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ij ji

R i N

R f R f i N
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   (2) 

Constraint (7) indicates that a certain video session s can 
use at most one link at a certain node among several links 
starting from the node. In other words, a video session s 
cannot pass through several paths. 

1      
i j

s
ij

j N

f i N




    (3) 

Each video session requires a minimum encoding 

rate min
sR for video session s, i.e., 

min        s
sR R s S    (4) 

The aggregated video encoding rates traversing 
link ( , )i j cannot exceed the available link capacity 

,       link( , )ij ijR C s S i j     (5) 

The aggregated video encoding rates on link ( , )i j can be 

calculated by 
s

ij s ij
s S

R R f


   (6) 

The available link capacity can be determined utilizing the 
binary variables indicating whether direct transmission or 
cooperative relay is employed and the time weight varia-
ble. If direct transmission is employed, then the first term 
of the (11) is non-zero and the second term is zero; the 
converse is true when cooperative relay is employed. 

,

,

,

, ,
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The average queuing delay for each video session cannot 
exceed the play out deadline, 

       deadline
sD D s S    (8) 

Considering that delay and error probability tend to in-
crease as hop number of a session increases in multi-hop 
networks, the hop number of a session cannot exceed hop 
count limit . 

( , )

       
s

s
ij

link i j Path

f s S


    (9) 

We have the following problem formulation: 
 
 
 
 
 

, ,

s.t. (4),(5),(6),(7),(8),(9),(1

Max

2),(13)
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4 Proposed solution procedure: Maximum 
capacity path algorithm 

The problem formulated in previous section is a MINLP 
problem which is NP-hard [9,11]. No existing algorithms 
can solve the problem in polynomial time. Therefore, we 
propose an algorithm to maximize the total sum PSNRs of 
all the video sessions considering the flow routing, relay 
node selection, and video rate allocation.  
In the proposed algorithm, the path selection and initial 
rate allocation is based on the maximum capacity path 
problem. The algorithm has the following three phase: i) 
path determination and minimal required rate allocation 
for each video session, ii) cooperative relays selection, 
and iii) video rate assignment.  
Phase 1: Path Determination ( s

ijf determination) 

In the phase 1, for each video session, the path with the 
maximun capacity is determined. Each video session re-
quires a minimal video rate. The order of source-
destination (s-d) pairs, namely video sessions, for path 
determination follows the decreasing order of 

min
sR . The 

video rate allocated to session s,
sR , should not be smaller 

than the minimal required video rate of session s and 
should not be greater than the link capacity,

ijC . 

Note that the end-to-end capacity of a session in a multi-
hop network is determined by the capacity of bottleneck 
link, a path with the maximal bottleneck capacity is se-
lected for the session. Since PSNR and the allocated video 
rate have positive correlation as shown in 

2
0 1 2s s sPSNR R R     , a path with high capacity has a 

potential to get high
sR , and high PSNR value. Also high 

link capacity provides low delay. Considering that delay 
and error probability tend to increase as the hop count of a 
session increases in multi-hop networks [21], the hop 
count of a session is limited in the proposed algorithm. 
The effect of hop count limitation is analysed based on the 
computation result. For the selected maximum capacity 
path for an s-d pair, assign 

min
sR  to 

sR  temporarily and re-

calculate the remaining capacities of each link in the net-
work. The process is repeated until 

min
sR is allocated to all 

the available s-d pairs.  
Phase2. Cooperative Relay Selection ( ,k

ij ijCR MR  deter-

mination) 
After 

min
sR is allocated to all s-d pairs in phase 1, video rate 

of each session is increased by increasing bottleneck link 
capacity by adopting the CR.  
Step1. Phase 1 may not satisfy the minimal required video 
rate and delay limitation for some s-d pairs. In this step, 



the CR is employed for such a video session to increase 
the bottleneck link capacity.  
If the CR-assisted link is not the bottleneck of the path 
anymore, a new bottleneck is searched and the procedure 
is repeated until the minimal required video rate is satis-
fied. When there is no possible path for a session even 
after CR allocation, it is concluded that the session has no 
available path. 
Phase 3: Video Rate Assignment (determination of 

, ,, ,s ij M ij CR w w ) 

After Phase 2 the increased capacity of each bottleneck 
link is reallocated to the video sessions such that the 
PSNR increment is the biggest among the available ses-
sions at each CR-assisted link. 

5 Simulation results 

Performance of the proposed algorithm is evaluated with 
N =30, and 50 nodes randomly placed in an area of 800m
×500m. n=4, 6, 8, and 10 s-d pairs are randomly distrib-
uted in the communication area. The path-loss coefficient 
between node s and d is given by 2 4

sdh s d
  , where 

s d  is the distance (in meters) AWGN noise power 

variance is set to 1010 W  at all nodes. We set W = 0.2MHz 
bandwidth for each channel. The maximum transmission 
power at each node is set to 1W. We consider Akiyo video 
sequences as shown in Table 1 and use the mathematical 
model in Section 3.5 to calculate the PSNR with given 
video parameters and link capacities. In Table 1, the units 
of deadlineD  and 

sL are ms and bits, respectively. Video rate 

demands for video sessions are set to 0.2Mbps or 0.5Mbps 
at the rate of 1:1. For high confidence level, we simulate 
500 times for all cases and evaluate average values. 
 

Table 1. Video Parameters 

Video 0  1  2  deadlineD sL
Akiyo 26.32 17.056 -3.848 350 3040

 
From figures 3-6, we see that sum_PSNR values are low 
when the hop-count limitation is low. It is because low 
hop-count limitation makes the problem difficult to find 
an available path. In Figure 4, the value of sum_PSNR is 
the biggest as 205.9dB when the hop-count limitation is 
six. The value gets smaller as the hop count limitation 
increases over six and converges to 204.9dB. When the 
number of nodes is 50, the effect of hop count limitation 
gets bigger. This is because the number of hops of a path 
tends to increase to find the maximum capacity compared 
to the case of 30 nodes. The overall trend in 50 nodes is 
similar with the 30 node case as shown in Figures 7-10. 
We see from the figures that the sum_PSNR decreases as 
the hop count increases. This is because the delay increas-
es with the increased hop count for some sessions, which 
results in degraded video quality with reduced PSNR.  
 

 
Figure 3 sum_PSNR in 30 nodes, 4 s-d pairs 
 

 
Figure 4 sum_PSNR in 30 nodes, 6 s-d pairs 
 

 
Figure 5 sum_PSNR in 30 nodes, 8 s-d pairs 
 

 
Figure 6 sum_PSNR in 30 nodes, 10 s-d pairs 
 



 
Figure 7 sum_PSNR in 50 nodes, 4 s-d pairs 
 

 
Figure 8 sum_PSNR in 50 nodes, 6 s-d pairs 
 

 
Figure 9 sum_PSNR in 50 nodes, 8 s-d pairs 
 

 
Figure 10 sum_PSNR in 50 nodes, 10 s-d pairs 
 

6 Conclusion  

We examined efficient video transmission in the coopera-
tive multi-hop wireless networks. The problem is to max-
imize the_sum_PSNR of video sessions by jointly control-
ling the video encoding rate, link capacity allocation, rout-
ing, and relay selection. The problem is formulated as a 
MINLP problem, which is difficult to handle. An algo-
rithm based on the maximum capacity path is developed 
to obtain the highest data rate path which satisfies delay 
bound and hop-count limitation. Simulation is performed 
in various conditions. First, the effect of various hop-
count limitations is examined. The sum_PSNR value in-
creases as the hop-count limit value increases, but turns to 
decrease as the value keeps increasing. We also see that 
the sum_PSNR value is also dependent on the number of 
nodes in the network. Outstanding performance is demon-
strated with the proposed algorithm when the average link 
capacity is high in a dense network. To conclude, the pro-
posed algorithm guarantees good performance when the 
channel quality is high compared to the user requirement 
level. 
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