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Abstract

Existing coding aware routing algorithms focused on novel routing metric design that captures
the characteristics of network coding. However, in packet coding algorithm, they use
opportunistic coding scheme which didn’t consider the queue state of the coding node and are
equivalent to the conventional store-and-forward method in light traffic load condition
because they never delay packets and there are no packets in the output queue of coding node,
which results in no coding opportunity. In addition, most of the existing algorithms assume
that all flows participating in the network have equal rate. This is unrealistic since multi-rate
environments are often appeared. To overcome above problem and expand network coding to
light traffic load scenarios, we present an enhanced coding-aware routing algorithm based on
queue state and local topology (OQMCAR), which consider the queue state of coding node in
packet coding algorithm where the control policy is of threshold-type. OQMCAR is a unified
framework to merge single rate case and multiple rate case, including the light traffic load
scenarios. Simulations results show that our scheme can achieve higher throughput and lower
end-to-end delay than the current mechanisms using COPE-type opportunistic coding policy
in different cases.
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1. Introduction

First proposed by Ahlswede et al. [1], network coding is becoming an emerging

communication paradigm that can provide the performance improvement of wireless network.
Exploiting the broadcasting nature of the physical layer, network coding can deliver multiple
packets in a single transmission, and thus yields much higher throughput. This has been
proved from theoretical study to practical implementations. Liu et al. [2] and Le et al. [3]
provide the upper bounds on the throughput gain achieved by network coding. Network
coding is also applied to cooperative communication to achieve more diversity order [4].
COPE [5], the first practical wireless network coding system for multi-hop wireless network,
is shown to be capable of achieving higher throughput than traditional store-and-forward
method. However, COPE relies on traditional routing mechanism to establish the transmission
path and passively waits for coding opportunities. This may lead to loss of many potential
coding opportunities. Therefore, routing with awareness of potential coding opportunities was
proposed and has been investigated by many researchers, which it is referred to as
coding-aware routing [6]. In COPE, the coding scheme never delays packets. When the
wireless channel is available, the node takes the packet at the head of its output queue, checks
which other packets in the queue may be encoded with this packet, combines those packets
together, and broadcasts the combined version. If there are no coding opportunities, the node
does not wait for the arrival of a matching codable packet. We call this coding fashion
“COPE-type opportunistic coding”.

However, existing coding-aware routing protocols such as ROCX [6], CAMP [7], RCR [8],
DCAR [9], PNCAR [10], CPTT [11], and TCAR [12] focused on the novel routing metric
design that captures the characteristics of network coding. In packet coding algorithm, they
use COPE-type opportunistic coding [5] in selected coding node. Opportunistic coding
scheme never delays packets and doesn’t consider the queue state. It is equivalent to the
store-and-forward approach in light traffic load scenarios. This is because the coding node has
no packets in its output queue which results in no coding opportunity given that there is little
congestion in the network. On the other hand, in network coding node, using network coding
always is not the appropriate solution for all situations in coding-aware routing. Because of the
stochastic nature as well as possible asymmetry between the matched flows in coding node,
network coding may result in severe delay and packet loss because packets need to wait to be
network-coded with each other and consume the finite buffer. In fact, the increased throughput
achieved through network coding may be offset by delay incurred by waiting for coding
opportunities in coding queue especially in multi-rate environments and light traffic load
scenarios.

Most existing coding-aware routing protocols such as ROCX [6], CAMP [7], DCAR [9],
PNCAR [10], and TCAR [12] assume that all flows participating in the network coding have
the same transmission rate, which is untrue for most applications. In fact, multi-rate
environments are often appeared. In multi-rate environments, network coding is an entirely
new problem. RCR [8] is derived from the observation that multi-path routing with traffic
splitting can increase coding gain when combined with the coding-aware routing mechanism.
CPTT [11] includes the effect of multiple rates into the design of a novel routing metric for
path selection. Neither of them considers the queue state of the selected coding node in packet
coding algorithm. Atya et al [13] and Chaporkar et al [14] showed network coding is not a
magical solution for all wireless network scenarios. And in some scenarios, applying the
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store-and-forward approach leads to higher network throughput. Regulating the use of
network coding in conjunction with store-and-forward in coding node can potentially result in
improved long-term throughput benefits. Should the coding node wait for a coding
opportunity or just transmit the packet without coding? This is the fundamental question we
seek to answer.

Generally, there are two ways of delay and queue-length control: Delay based [15-17] and
Queue-length based [18]. In the former one, if the waiting time of a packet is larger than a
predefined threshold, the packet is forwarded without network coding. By this, the delay can
be accurately controlled. But we must maintain a clock for every arriving packet in coding
node. As the amount of maintained information increase, the design and implementation of
controller become more complex. In the latter one, the packets are forwarded without coding if
the queue length exceeds a threshold value. This way is much simpler than the former one, but
the delay of a packet may be large.

In related work [19-23], the queue state of coding node is mainly considered, regardless of
the coding aware routing. Chen et al. [19] formulate a Markov model of the queue state and
propose a threshold-type policy to strike the optimal trade-off between power efficiency and
QoS. Yu-Pin Hu et al. [20] show that if the queue state can be modeled as a Markov process,
the queue length is enough to be observed as an optimal control action and this can be further
detailed in [21-22]. However, there is common in these researches that the assumed topology
is a basic coding structure or a line network. And in later works [20], there is no restriction on
the length of the queue. In some situation, the optimal threshold may not achieve. Yu-Pin Hu
et al. [23] analyze the queue state and present an on-line algorithm for making transmit/wait
decisions at the coding node. But in each time unit, the related parameters are updated. The
implementation becomes more complex. All of these methods are impractical to implement in
coding aware routing.

In this paper, we propose an enhanced network coding-aware routing algorithm named
OQMCAR, which considers the queue state in packet coding algorithm. An efficient “ transmit
or wait” decision for packets is made according to the queue-length based threshold policy at
every transmission opportunity instead of the regular COPE-type opportunistic coding policy
as used in existing coding-aware routing algorithms. COPE-type opportunistic coding policy
can be seen a special instance of the queue-length based threshold policy. OQMCAR
introduces network training phase before data transmission to search the optimal threshold.
OQMCAR overcomes the limitation of COPE-type opportunistic coding in light traffic load
condition and is a unified framework for single rate case and multiple rate case. Simulation
results demonstrate that our mechanism can significantly improve the throughput performance
and achieves lower end-to-end delay in any traffic rates as compared with existing work. It is
simple, efficient and easy to be implemented.

The remainder of this paper is organized as follows. Section 2 explores the coding
opportunity analytically. Section 3 presents a unified framework for wireless network coding
with random packets arrival in single rate case and multiple rate case and obtains the analytical
result on the throughput by formulating Markov models for the queue states. Based on these
results, we present the implementation details for OQMCAR scheme in Section 4. Section 5
presents performance evaluation results. Section 6 concludes the paper.

2. Coding Opportunity Over A Wireless Network

In this section, based on the analysis for COPE-type opportunistic coding in [24], we present



2878 Lu et al.: OQMCAR: An enhanced network coding-aware routing algorithm based on queue state and local topology

an analysis of coding opportunity related to queue state. As shown in Fig. 1 [24], in a basic
coding structure, suppose a given coding node 7, has N >2 neighbors within its

communication range. Suppose /, has g packets buffered in its coding queue.

P, overheard

(a) (b)

Fig. 1. (a) a coding opportunity at [, with N neighbors; (b) An illustration on location relationship

o

between I/, and S,,.

We define the coding opportunity at node /, as that if there exists at least one packet in the
coding queue that can be encoded with P, which is assumed to be the head of the coding

queue, and the encoded packet can be decoded to the native packets at corresponding intended
nexthops. This event is denoted as £ . In our analysis, we assume all nodes are independently
and randomly developed and the unicast traffic distribution is uniform. As shown in Fig.1, for
the packet P, (the head of the queue), the previous hop is §; and the next hop is 7. We
denote C,, the event that there exists a packet P, in the queue that P, @ P, is decodable at
their intended nexthops. As shown in Fig. 1, the previous hop of P, is S, and the next hop of
P, is T,. To guarantee the encoded packet P, @ P, to be decoded, the node 7, must have

P, in its queue and the node 7, must have P, in its queue, as shown in Fig. 1a.

To satisfy this requirement, there are three possibilities.
Case 1) T, =S, and §, =T, .
Case 2) T, =S,and 7, has S, within its communication range, or S, =7, and T, has §,
within its communication range.
Case 3) 7, #S, and S, #T,, and T, has S, within its communication range and 7, has §,
within its communication range.

Above three possibility probabilities are denoted by P, P.,., and P, respectively.

asel >+ ¢ ase3 >

We denote P(C,, |n=N) as the probability of event C,, given thatnode 7, has N neighbors
and P(E_|n=N,q) as the probability of event £_ given that node 7, has N neighbors and
the length of its coding queue is g . We also denote P, as the probability that 7' is located
within the communication range of S, , as shown in Fig.1b. In this figure, the communication
range of each node is R, and the distance between S, and 7,is x(x<R).

According to the above definitions, we have these probabilities [24]:
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Different from the analysis of coding opportunity related to local topology (i.e. the relation
of P(E, |n=N,q) with N) [24], we analyze the coding opportunity related to queue state

here (i.e. the relation of P(EC |n= N,q) with ¢ ).

In coding-aware routing, the local coding structure can be easily determined (i.e. N can be
determined) in routing discovery. Under the premise, from Eq. (6), we can obtain that the
probability of coding opportunity increases with the length of coding queue (¢ ) increasing.

3. Analysis Of Queue State At A Coding node

In this section, the queue state of a coding node using the queue-length based threshold policy
will be analyzed. First, Section 3.1 presents a background for the analysis. Section 3.2 presents
a two-dimensional Markov chain to model the queue state of the queue-length based threshold
policy and characterizes the Markov chain. Based on this Markov chain, in Section 3.3, we
perform the computation of threshold.

3.1 Background

Without loss of generality, we consider a 802.11 wireless network. Note that in wireless
network, the coding opportunity of three or more packets is much less than that of two packets
[12]. Therefore, the throughput improvement in wireless network is mainly achieved by
encoding two flows. In this paper, we only consider the opportunity of encoding two flows. To
achieve the maximum throughput gain of coding aware routing, a sufficient number of
encoded packets must be created at the selected coding node. Whether in single rate case or
multiple rate case including the light traffic load scenarios, the packet arrival is asynchronous
and random in selected coding node due to the DCF random mechanism used in the
IEEE802.11 standard. This may result in severe delay and packet loss because packets need to
wait to be network-coded with each other and consume the finite buffer. This may greatly
reduce the overall throughout. An intuitive idea to improve the long-term throughout in single
rate case and multiple rate case is to allow opportunistic transmission of some packets without
network coding. This motivates the study of OQMCAR, which can opportunistically transmit
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some uncoded packets according to the queue state. There is a trade-off between packet delay
and network coding opportunity. The analysis of queue state of the coding node can
characterize a unified description of OQMCAR in single rate case and multiple rates case.

3.2 Markov Model Description of Queue State

Assume the queue of a coding node is finite, which can hold at most K packets. Since we only
consider two coding flows. Let X,, X, be the number of packets (type 1 and type 2) from
corresponding flow in coding node’s queue. The queue state at coding node can be represented
by a two-dimensional random variable denoted by X =(X,, X, ). Because the future size of

coding node’s queue depends only on its current size, the changes over time of X can be
modeled as a Markov process. According to Yu-Pin Hsu et al. [20], for that, a stationary policy
based on queue length is optimal for the network throughput to trade-off coding opportunity
and packet delay.

We adopt a queue-length threshold policy to make efficient decisions for packets at coding
node. That is, in coding aware routing, the selected coding node will wait until either a
matching packet arrives or the length of the nonempty queue exceeds its threshold. This is easy
to implement. We denote X (¢)= (X (0, X, (t)) as the Markov process that represents

(X,,X,) at the beginning of the time ¢ . If we define an observation window A, , large enough

to capture a transmission event in the wireless medium, then the dynamics of
X(nA,)z(Xl (nA), X, (nAt)) , with n=0,1,2,..., can be represented with a discrete-time

Markov chain. As the source always has packets to transmit, there will be a transmission in
each time interval A, . Then, in each interval A,, the Markov process performs a transition.
Without loss of generality, assume that in each interval A,, a packet of type 1 (i=1, 2) arrives
with probability p, for i=1, 2. We redefine X(nA,)=(X,(nA,),X,(nA,)) as
X[n]= (X [nl, X, [n]). To analyze the possible queue states of the coding node, we shall first
give the following two lemmas.
Lemma 1: The queue state of coding node satisfies for all n.
Xy[n]X,[n]=0

Proof: We proof this by contradiction. Assume that X [n]X,[n]>0. We obtain that

X,[n]>0,X,[n]>0. At this time, there is coding opportunity to transmit from the queue.

Network coding can be always performed to transmit one packet from matched flows per
observation window. Therefore, the number of at least one type packet will be reduced to zero
with probability 1. Then X,[n]=0 or X,[n]=0, which contradicts the assumption. So the

assumption is not held. Then we obtain X, [n]X,[n]=0.

Remark: Lemmal implies that at the beginning of each observation window, the coding
node’s queue has only one type of packet. In fact, there is only one output queue in the node.
We assume that the optimal thresholds for the matched flows are equal. This assumption can
highly simplify the description and analysis of queue state.

Lemma 2: The queue state of coding node satisfies ||X [n+1]-X [n]||1 <1, where ||>l<||1

denotes the 1-norm of a vector.
Proof: We proof this by contradiction. Assume that there is a possibility that
|XTn+1]1- X[n], > 1.
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Thatis X [n+1]+ X,[n+1]- X,[n]— X,[n]>1.

According to Lemma 1, X,[n+1]1X,[n+1]=0, X,[n]X,[n]=0.

Under these constraints, we obtain X,[n+1]— X,[n]>1 when X,[n+1]=X,[n]=0,
orX,[n+1]- X,[n]>1 when X|[n+1]= X,[n]=0.

According to our definition for the Markov process, there is at most one transmission event
in each interval. Then X,[n+1]—- X,[#n]<1 or X,[n+1]— X,[n]<1, which contradicts the

assumption. So the assumption is not held. Then we obtain ||X [n+1]-X [n]|| <1

Remark: Lemma 2 implies that the queue state can only transit to its neighbor states or the
current state itself.

3.3 Computation of Threshold Policy

For any system using the queue-length based threshold policy using thresholds L, =L, =L,

the states are (0, 0), (1, 0), (2, 0) ... (L, 0), (0, 1), (0, 2) ... (0, ). To prevent packet loss due to
the queue overflow, the value of L is no more than that of K.

The regular COPE-type opportunistic coding policy as used in existing coding-aware
routing algorithms is a specific threshold policy. In opportunistic coding policy, we have
L, =L, =0. For the following, we shall first prove the existence of the optimal threshold at

the coding node by the analytical formula and the simulation result.

According to (6), we obtain that the probability of coding opportunity increases with the
length of coding queue (¢ ) increasing. With ¢ increases, forcing packets to be coded in

coding nodes may induce large delay. This may in turn degrade the network throughput. We
consider two extreme cases:

Case 1) g=1. The probability of coding opportunity is 0. There is no coding opportunity.
The packet delay for waiting a future coding opportunity is 0. In this case, the network coding
approach is equivalent to the store-and-forward approach. There are no throughput benefits
given that there is no network coding gain.

Case 2) g=o . The probability of coding opportunity is 1. Coding opportunities are always
available, and waiting for such opportunities can cause substantial delay in transmission. The
increased throughput achieved through network coding may be offset by delay incurred by
waiting for these coding opportunities. To the extreme, network coding may in fact hurt the
throughput performance.

Given the above discussion, to improve long-term throughput, there is a trade-off between
network coding and packet delay. The optimal threshold exists.

In the following, we evaluate the throughput performance of the queue-length policy with
various thresholds and compare its performance with the store-and-forward approach via ns2
simulation. In our simulation, the topology is a line ad-hoc network with 3 nodes. The distance
between adjacent nodes is 200m. The first node and the last node exchange information. In the
experiment, we use 802.11 at the Mac layer with TwoRayGround propagation model, and all
data flows are generated by UDP traffic source with CBR model. The transmission range is set
to 250 meters and the carrier sensing range is set to 550 meters. The coding queue size is set to
50. The traffic rates are 3kbps and 1kbps respectively. The simulation time is 300s. Figure 2
shows the network throughput of the queue-length based threshold policy by different
threshold and the store-and-forward approach (AODV).
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Fig. 2. Network throughput versus threshold.

The figure shows that in the queue-length based threshold policy, when the selected
threshold in the network coding node exceeds some value, network coding hurts the
throughput performance since the negative influence of packet delay on throughput due to
waiting for future coding opportunities outperforms the positive influence of network coding.
In scenarios where the selected threshold is greater than 22, applying the store-and-forward
approach leads to higher network throughput. The influence of the queue state on the network
performance is serious. The simulation result proves that the optimal threshold exists.

Note that the stochastic process {(X,[n], X,[n]),n>0} is an irreducible discrete-time
Markov chain with state space {(0, L), (0, L-1),---, (0,1), (0, 0), (1, 0),---, (L-1, 0), (L, 0)}.
The transition probabilities in this Markov chain are given for 0<1i, j < L by
PAX[n+1]=(+1,0)[ X[n]=(,0)} = py(1 - py)
P AX[n+1]=(0,j + 1| X[n]=(0, N} == p))p,
P AX[n+1]=(@-10)[ X[n]=(,0)}=(1- p)p,
P AX[n+1]=(0,j - D[ X[n]=(0, )} = py(1 - p3)
P AX[n+1]=(@0,0)| X[n]=(1,0)} = pyp, + (1= p)A - py)
P AX[n+1]=(0, )| X[n]=(0, )} = pypy + (1= p)(1 = p,)
P AX[n+1]=X[n]=(L,0)} = p, + (- p,)1-p,)
P AX[n+1]=X[n]=(0,L)} = p, +(1- p))d - p;)
From above discussion about transition probabilities and Lemmal, 2, one can easily
obtain a Markov chain to model the coding node’s queue state. Let 7, 7,,, 7, ; denote the

steady-state probabilities of queue states (0, 0), (i, 0) and (0, j), respectively.
In the following, we give the analytical expressions of the steady-state probabilities.
Theorem 1: The steady-state probability of the queue state is expressed as
1

1
1+—)-1
)(+0L)

Too =

1_€L+1
1-6

_ i
Tio =0'7y,

(

— J
To; =gy !0

for all 0<i,j< L, where
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0= p(1-p,)
(1-p)p,

Proof: The balance equations for 0 < i, j < L are:

Tio =074 (7)
Oy, =7y 1 (8)
According to the probability normalization property, we have
L L
Too + Zﬂi)o + ZHO,J» =1 9)
i=1 j=1

Substitute (7), (8) into (9), we can obtain the expression of 7, . Further, we can prove the
theorem.

Remark: Using theorem 1, we can obtain the performance measure: the expected number
of transmission per observation window, which can characterize the long-run average
throughput.

In a paired transmission using network coding, one packet of type 1 and one packet of type
2 can be transmitted together as a single packet using XOR coding, so we can count a paired
transmission as two transmissions which represent the transmission of the two packets.

Assume that we count an individual transmission and a paired transmission using network
coding as one transmission and two transmissions, respectively.
The expected number of transmissions per observation window can be calculated as

L L
g(L)=2p,p,7,, +2p22ﬂi,0 +2plz”0,j +p(=py)7m o+ pr(1-p7y, (10)

i=1 j=1

Now the optimal value of the threshold, L, can be found by minimizing the discrete
function g(L) in (10). As a simple approximation approach, the global minimum of g(L)

can be found by evaluating this function over a simple set {0,1,.---, K}, where K is at most

several tens. We can introduce a training phase before the data transmission to search the
optimal threshold for a coding node by recording the value of throughput corresponding to
each threshold ranging from 1 to the maximum size of the queue minus 1. For each threshold,
to characterize the long-run average throughput, we can measure the transmitted bytes in a
fixed sample interval (such as 0.5s) when the data transmission is stable. This can result in
very low implementation complexity due to the finite buffer of the coding node and the length
of the buffer being at most several tens. The control policy at the coding node is easy to
implement, and there is no computational overhead when packet arrivals. This makes these
policies particularly attractive for practical implementation.

Once the network parameters are given, the optimal value can also be calculated offline in
advance.

4. Coding-Aware Routing Mechanism OQMCAR

In this section, we incorporate the queue-length based threshold policy and describe the
implementation of OQMCAR.
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4.1 Basic Idea of OQMCAR

In OQMCAR, we consider the queue state of the coding node in packet coding algorithm to
improve the long-run throughput in any traffic rates. The mechanism begins with selecting a
path with maximum coding opportunities to send packets in routing discovery. In process of
data transmission, when the intermediate node is the selected coding node, an efficient
“transmit or wait” decision for packets is made according to the queue-length based threshold
policy at every transmission opportunity instead of the regular COPE-type opportunistic
coding policy which can be seen a special instance of the former where the threshold is 0. In
this scheme, the coding node allows transmission without network coding only when the
queue length exceeds a given threshold. The optimal threshold is determined in the introduced
training phase before the data transmission. When the intermediate node is not a network
coding node, the node only stores and forwards the packet according to the route table. This
mechanism can make a good trade-off between packet delay due to waiting for a future
opportunity and increased throughput due to network coding to improve the long-term
throughput. Compared with the traditional COPE-type opportunistic coding method, this
algorithm can greatly improve network throughput in any traffic rates. This mechanism is
simple, efficient, and attractive for practical implementation.

4.2 Description of OQMCAR

The entire process consists of three stages: routing discovery, network training and data
transmission.

1) Routing discovery

For each node in a wireless network, it maintains a neighbor list of all its one-hop
neighbors and neighbors’ neighbors. This information can be collected by periodically
sending Hello probing messages. This list shall play a key role in detecting the potential
coding opportunities of a path and packet coding algorithm.

When a new flow joins the wireless network, the source node begins the coding aware
routing discovery process which is described as follows:

Step 1: The source node initiates the route discovery by broadcasting the Route Request
(RREQ) message. The RREQ contains the path it has traversed, as any source routing does.

Step 2: Upon receiving an RREQ, an intermediate node first checks whether the RREQ
has already traversed through itself. If so, the node discards the RREQ to prevent loop. If not,
this node updates the path information in the RREQ and rebroadcasts the updated RREQ to
discover remaining path to the destination node.

Step 3: When an RREQ reaches the destination node, the destination replies with the
Route Reply (RREP) message using the reverse path back to the source node. The RREP is a
unicast message that contains the path information.

Step 4: Upon receiving an RREP, an intermediate node can obtain the path information
for the new path. Each node also maintains the path information for all the existing flows
relayed by itself. Given this information and a neighbor list of all its one-hop neighbors and
neighbors’ neighbors, this node can check whether the new flow can be encoded with some
existing flow(s) according to the COPE-style coding conditions related to local topology as in
TCAR [12]. If there is a coding opportunity, we mark this node as coding-possible in the
RREP.

Step 5: When the RREP(s) return to the source node, a routing decision is made based on
the potential coding opportunities and the benefit of each available path, and the source node
starts to enter the training phase.

Step 6: When the first data packet reaches an intermediate node, it stores the path
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information for the selected path.

2) Network training

After the route establishment, the network enters a training phase. Given the network
parameters, record the value of throughput corresponding to each threshold ranging from 1 to
the maximum size of the coding queue minus 1. Among these values of throughput, we can
find the maximum one. The corresponding threshold is the optimal threshold for the network.

For a given threshold, when the data transmission is stable, we measure the transmitted
bytes in a fixed sample interval (such as 0.5s).

Remark: Due to the fact that the length of the queue is at most several tens, searching the
optimal threshold of the network can be completed in tens of seconds.

3) Data transmission

The source begins to send packets along the selected new path after the training phase.
Once a new path is established on an intermediate node, this node will remember that from
which flow the packets can be encoded with the packets from the new flow, we name both
flows as matched flow.

In intermediate node, when the received packet is not native, the node firstly decodes the
encoded packet to get the native one. If the encoded packet cannot be decoded, it will be
dropped. If the packet including the decoded one is native, when the intermediate node is not a
coding node, this node will only store and forward the packet according to the established
route table. When the intermediate node is a coding node, once there are packets from both
matched flows, this node does XOR operation for both types of packet. If there is only one
type of packet, this node inserts it into the queue. If the queue length exceeds a selected
threshold determined by the training phase, the packet is transmitted without network coding,
otherwise waiting.

In order to further describe the data transmission of intermediate nodes, the flow chart is
showed in Fig. 3.

Packet arrival

¥
Drop the Decode the encoded no
packet packet to get the

required native one

Is coding node?

yes
il
s

Forward the
no—{native packet to
nexthop

Insert the native
packet into the queue

*H ‘
Threshold exceeded?
ye
J no
+

Encode matched packets
and transmit

Fig. 3. Flow chart for data transmission of intermediate nodes in our proposed algorithm.

Waiting in the queue
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4.3 An lllustrative Example

We use the wireless network in Fig. 4 to illustrate how OQMCAR works. Suppose the flow
0 —1— 2 —3is an existing flow.

U
Fig. 4. An example of the wireless topology

When a new flow 5— 2 joins the wireless network, the OQMCAR goes as follows:

1) Routing discovery

Step 1: Node 5 initiates the discovery by sending RREQ and adds itself into the path
information in the RREQ.

Step 2: When node 1 receives the RREQ, it first checks whether the RREQ has already
traversed through itself. If so, node 1 discards the RREQ to prevent loop. If not, node 1 updates
the path information (i.e., adding node 1 into the path) in the RREQ and rebroadcasts the
updated RREQ.

Step 3: Suppose one RREQ reaches node 2 through the path 5—1-— 2, node 2 replies
with RREP using the reverse path back to the source node. The RREP is a unicast message that
contains the path information.

Step 4: When node 1 receives this RREP, node 1 can obtain the path information
5—>1— 2 for the new flow 5— 2. Node 1 discovers that the new path can be encoded with
the existing flow0 — 1 — 2 — 3, thus marking the node 1 as coding-possible in the RREP.

Step 5: The RREP finally returns to the source node 5 with information of potential
coding opportunities.

The route chosen by OQMCAR for flow 5 — 2is 5—1— 2. The selected coding node
is node 1. After the route establishment, the network enters a training phase.

2) Network training

Define B, as the transmitted bytes in an fixed sample interval 7 corresponding to the
threshold i and L as the maximum size of the coding queue. T is set to 0.5s.

Step 1: Node 5 sends data packets along the selected path 5—1-— 2. Node 1 decides
the packets according to the queue-length based threshold policy and initiates the threshold to
1. When the data transmission is stable, node 1 records the transmitted bytes B, in 0.5s and

increases threshold by 1. Then node 1 records B, in the next 0.5s and increases threshold by 1.
By this manner, node 1 can get B,,B,,---,B, ;.
Step 2: From B,,B,,---,B,_,, we can choose the maximum value. The corresponding

subscript is the optimal threshold.
3) Data transmission

In node 1, once there are packets from flow0 —1— 2 — 3 and flow 5—1— 2, this node
does XOR operation for both types of packet. If there is only one type of packet, node 1 inserts
it into the queue. If the queue length exceeds a selected threshold determined by the training
phase, the packet is transmitted without network coding, otherwise waiting.
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5. Performance Evaluation

To evaluate the performance of OQMCAR, we implement the OQMCAR under NS-2, and
compare it with the typical on-demand routing protocol AODV and COPE-type opportunistic
coding scheme based on coding aware routing mechanism which is represented [6-12].

We implement the COPE-type opportunistic coding scheme based on coding aware routing
according to the common mechanism used in most present coding aware routing protocol, in
which the routing metric design includes the coding opportunity related to local topology and
the path length, while using COPE-type opportunistic coding scheme in packet coding
algorithm.

We define the COPE-type opportunistic coding scheme as “COPE-style” policy. Note that
the “COPE-style” policy is a special instance of the queue-length threshold based policy,
where the threshold is 0.

In “COPE-style” policy, the coding node never delays packets. If there are no coding
opportunities, the node does not wait for the arrival of a matching codable packet. While in
OQMCAR, at the coding node, an efficient “transmit or wait” decision for packets is made
according to the queue-length based threshold policy. The coding node allows transmission
without network coding only when the queue length exceeds a selected optimal threshold. This
optimal threshold can make a good trade-off between packet delay due to waiting for a future
opportunity and increased throughput due to network coding to improve the long-term
throughput. Thus the COPEstyle-based coding aware routing will not perform any better than
our proposed algorithm.

In our simulation, we consider the wireless topology in Fig. 4. There are two flows in this
topology. For flow 1, the source node is node 0 and the destination node is node 2. For flow 2,
the source node is node 2 and the destination node is node 5.

In the experiments, we use 802.11 at the MAC layer with TwoRayGround propagation
model, and both data flows are generated by UDP traffic source with CBR model. The
transmission range and the carrier sensing range are set to 250 meters and 550 meters,
respectively. The queue size is set to 50. Only data packets are considered in the computation
of throughput and average end-to-end delay. Nodes are not energy limited. We varied the
offered load of both flows to test the performance of the three mechanisms. We assume the
network is static so that the path of both flows does not change during the simulation.

5.1 Experiment 1

In this experiment, both flows have the same transmission rate. The rate of both flows varies
from 100kbps to 400kbps with step of 20kbps. Fig. 5 shows the network throughput due to the
three mechanisms versus the offered load.
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Fig. 5. Network throughput versus offered load.
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From the figure, it is seen that OQMCAR can improve the network throughput
substantially as compared with AODV and COPEstyle-based one in all cases. OQMCAR
performs best because it considers the queue state of coding node in packet coding algorithm
and could better optimize the trade-off of the effect of the packet delay and network coding on
network throughput, resulting in improved long-term throughput benefits. AODV has the
worst performance because it doesn’t consider network coding. When the offered load is less
than 160kbps, COPEstyle-based routing and AODV have the same performance. This is
because COPEstyle-based one does not have any coding opportunity given that there is little
congestion in the network. Using opportunistic coding, the coding node has no packets in its
output queue. The opportunistic coding is equivalent to the traditional store-and-forward
method in light traffic load scenarios. On average, OQMCAR provides about 44.8%
throughput gain over COPEstyle-based one. As the offered load continues to grow, the
congestion in the network begins to appear and increases. COPEstyle-based routing performs
better than AODYV because of the coding opportunities created in the routing discovery phase.
When the offered load is larger than 240kbps, both OQMCAR and COPEstyle-based one
increase linearly. OQMCAR achieves about 52%-60% throughput improvement over the
COPEstyle-based routing.

Fig. 5 shows that OQMCAR can suit for the single rate case, including the light traffic load
scenarios.

5.2 Experiment 2

In this experiment, the traffic load of flow 1 is twice the load of flow 2. We varied the rate of
flow 2 from 30kbps to 310kbps with step of 20kbps to test the throughput performance of the
three mechanisms. The results are shown in Fig. 6.
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Fig. 6. Network throughput versus offered load.

From Fig. 6, it is observed that OQMCAR performs best in all cases by considering the
queue state of coding node in packet coding algorithm and the effective queue management
mechanism. AODV performs worst because it has no coding mechanism. When the offered
load is less than 110kbps, the network has little congestion and little potential coding
opportunity. Thus COPEstyle-based routing performs similarly to AODV. When the offered
load continues to grow, the network congestion begins to appear and increases.
COPEstyle-based routing outperforms AODV because network coding reduces the number of
transmissions, alleviates congestion, and yields higher throughput. From the simulation results,
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it is seen that OQMCAR achieves an about throughput 32% higher in light traffic load cases
and up to 60% higher in network congestion than COPEstyle-based routing.

Fig. 6 shows that OQMCAR can suit for the multiple rate case, including the light traffic
load scenarios.

5.3 Experiment 3

For a more thorough understanding of the throughput performance of OQMCAR in multiple
rate case, the rate of one of both flows is fixed. In this experiment, the rate of flow 1 is fixed to
200kbps and the rate of flow2 varies from 100kbps to 400kbps with step of 20kbps. Fig. 7
shows the overall network throughput of OQMCAR, COPEstyle-based routing and AODV,
respectively.
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Fig. 7. Network throughput versus offered load.

For all the rates from 100kbps to 400kbps, we observe significant throughput
improvement of OMCAR over COPEstyle-based routing and AODV. OQMCAR achieves an
about throughput 32%-38% higher in light traffic load cases (100kbps-140kbps) and 40-50%
higher in network congestion than the COPEstyle-based routing.

5.4 Experiment 4

For a thorough understanding of the delay performance of OQMCAR in single rate case, we
have recorded the average end-to-end delay corresponding to experiment 1. Fig. 8 shows the
average end-to-end delay of OQMCAR, COPEstyle-based routing and AODV, respectively.

18

COPEstyle-based —+—

_ AODV
16 OQMCAR ::,Z/

[ e e ——

Average End to End delay(ms)

04

02

0
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Offered load(kbps)

Fig. 8. Average end-to-end delay versus offered load.
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From the figure, it shows that OQMCAR achieves the optimal time efficiency among all
the protocols in the steady state. When the offered load is less than 160kbps, the network has
little congestion and the end-to-end delay of three mechanism is very low. As the offered load
continues to grow, the network congestion begins to appear and increases. With the increase of
the offered load, the competition is increased, and nodes need to wait more time to have
opportunity to send. The end-to-end delay of three mechanisms varies and finally increases to
a stable state. During the steady state, OQMCAR and COPEstyle-based routing outperform
AODV in time efficiency because network coding reduces the number of transmissions,
alleviates congestion, and reduces the queuing delay of packets. Compared with
COPEstyle-based routing, the effective queue management mechanism of OQMCAR can
result in improved throughput benefits and the transmission competition is greatly reduced. So,
the end-to-end delay of OQMCAR is less than that of COPEstyle-based one. In the steady state,
the average end-to-end delay of COPEstyle-based routing is about 1.25 times of that of
OQMCAR.

5.5 Experiment 5

For a thorough understanding of the delay performance of OQMCAR in multiple rate case, we
have recorded the average end-to-end delay corresponding to experiment 2. Fig. 9 shows the
average end-to-end delay of flow 2 in OQMCAR, COPEstyle-based routing and AODV,
respectively.
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Fig. 9. Average end-to-end delay versus offered load.

From the figure, it shows that the delay of OQMCAR is the minimum among all the
protocols in the steady state. In the steady state, the average end-to-end delay of
COPEstyle-based routing is about 1.04 times of that of OQMCAR.

6. Conclusion

In this paper, we present OQMCAR, an enhanced network coding-aware routing algorithm
which solves the problem of “whether coding” at the coding node according to the
queue-length based threshold policy. Based on the theoretical analysis of coding opportunity
and the random mapping-based method, a Markov model of the queue state of coding node is
formulated to obtain analytical result regarding the throughput in a unified way for single rate
case and multiple rate case including the light traffic load scenarios under both cases.
OQMCAR introduces the network training phase after routing discovery and before data
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transmission to search the optimal threshold of the queue-length based control policy. Because
the regular COPE-type opportunistic coding scheme can be seen a special instance of the
gueue-length threshold based policy where the threshold is 0, the network throughput can be
significantly improved compared with existing mechanisms using COPE-type opportunistic
coding policy in different cases, even in the light traffic load scenarios. Simulation results
demonstrate the improved throughput performance by our scheme. Simulation results also
show that our scheme can achieve lower end-to-end delay. The proposed algorithm is simple,
efficient, and easy to be implemented in wireless network with any traffic rates.

For future work, we plan to carry out empirical study of OQMCAR and apply it in real
network. We are also exploring timing control problems with network coding in video
transmission system, particularly how to maintain the certain delay constraint with
maximizing coding opportunity in multi-hop wireless network.
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