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Abstract—Network coding has been shown to be a very
promising technique for increasing the throughput in wireless ad
hoc networks. In this paper, we set to define simple extensions for
distributed medium access control (MAC) protocols that optimize
the transmission of network-coded packets independently of the
actual network coding algorithm. The main characteristic of the
proposed protocol is that it improves the efficiency of coding
decisions and allows verifying the decodability of packets before
they are transmitted. The aforementioned goals are achieved first
by adopting minor extensions to the channel access scheme, and
second by introducing a new algorithm that manages intelligently
the data packets that are stored at the MAC queue of each
network node. The later algorithm improves the knowledge of
a node regarding the available correct coding opportunities by
the use of opportunistic acknowledgments, and by maintaining
virtual buffers for the overheard data packets. For the proposed
protocol, we also develop an analytical performance model that
is used for evaluating its performance in conjunction with
simulations. Extensive simulations are presented for several ad
hoc network topologies that test all the features of the proposed
protocol. Significant throughput improvement can be observed
when our protocol is compared with network coding schemes
that do not exploit the full potential of opportunistic listening.
Index Terms—Network coding, wireless ad hoc networks, MAC
protocol, opportunistic listening, carrier sensing, IEEE 802.11.
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I. I NTRODUCTION

ECENTLY, network coding has emerged as an alternative concept for designing packet networks [1]. Network
coding suggests that packet networks should not only route
packets between hosts, but they should also intelligently process/code packets in order to approach multicast capacity [2].
This basic principle has initiated significant research efforts
and the first results indicate that network coding is a versatile
technique that can be applied in several domains [3]. The most
important benefits that can be obtained by employing network
coding include higher throughput and reliability. In the case
of wireless networks, network coding can also be combined
with wireless broadcast to increase the information content per
transmission. Fig. 1 demonstrates the basic idea of wireless
network coding. In this simple topology, nodes N4 and N5
employ opportunistic listening for overhearing the transmissions of packets b and a respectively. This means that if N2
broadcasts a linear combination of packets a and b (e.g. a⊕b),
this single coded packet is enough for recovering the desired
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Fig. 1. Example of wireless network coding with opportunistic listening.
Dashed lines indicate the transmission of a single coded packet.

packets a and b at N4 and N5 respectively. Without network
coding and broadcasting, four transmissions would be required
instead of three. This idea has been applied in 802.11-based
multi-hop wireless networks and throughput improvements by
a factor of more than 3 have been demonstrated for elastic data
transfers [4], [5]. Because of the versatility of network coding,
it has been shown that it can be applied at different layers of
the protocol stack [6], [7]. Therefore, it is necessary that the
significant performance gains that network coding can offer
are properly evaluated when future protocols for distributed
wireless networks are designed.
One topic that has not been studied thoroughly in the
literature is the interaction between opportunistic wireless
network coding and the medium access control (MAC) protocol. Most of the existing studies are theoretical and make
several assumptions either about the structure of the network
or the channel access scheme. For example Liu et al. [8],
as well as Sengupta et al. [9], have independently derived
theoretical bounds for the achievable throughput of network
coding in large ad-hoc networks. Furthermore, Sagduyu and
Ephremides have investigated theoretically cross-layer interactions between network coding and a MAC protocol based
on time division multiple access (TDMA) [10]. They proposed
the use of a centralized scheduling scheme in order to optimize
coding decisions. Even though of great value, these works do
not shed light into practical aspects that are related with the use
of a distributed MAC protocol. More recently, Chaporkar and
Proutiere investigated adaptive network coding and scheduling
for wireless ad-hoc networks [11]. They showed that wireless
network coding can perform worse than non-coded packet
transmission since wireless broadcast can reduce spatial reuse.
To this aim, they suggest the use of a lightweight network
coding scheme that does not exploit opportunistically overheard packets. In another related work that identified the same
problem, the authors propose an algorithm that determines
whether transmitting coded or uncoded packets is the most
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optimal decision depending on the status of the transmission
buffer [12]. A simulation study by Fasolo et al. [13] presents
results that highlight the sub-optimal performance of existing
802.11-based MAC protocols and network coding. Also recently, Le et al. claimed that no particular link scheduling
mechanism is needed for ensuring high performance over
802.11 but instead proper buffer sizing is enough [14]. No
formal proof is provided though while limited topologies and
traffic patterns are considered. The most closely related work
with this paper is the COPE system that is the first practical
implementation of the wireless network coding principle [5].
Although several of the limitations of existing MAC protocols
for network coding have been identified, none of the aforementioned works introduced any enhancements that address these
problems.
In this paper, we focus on distributed MAC protocols and
we propose mechanisms that allow the efficient realization of
network coding for increasing the system throughput. We refer
collectively to these mechanisms as the NC-MAC protocol.
NC-MAC attempts to exploit to the fullest opportunistic
listening by allowing nodes to decode overheard transmissions
of both data packets and acknowledgments. The above process
is further optimized by the use of opportunistic acknowledgments as well as virtual buffers that are used for keeping
track of the overheard data packets in the neighborhood of
a particular node. Also, NC-MAC introduces different data
packet types depending on whether they contain networkcoded data, uncoded data, or data that can be used for coding.
Finally, the channel access scheme is also related to the type
of the transmitted data packet. For demonstrating the features
of the NC-MAC protocol, we also develop a simple network
coding algorithm. As a case study, we present NC-MAC as
a set of incremental extensions to the IEEE 802.11 MAC.
Nevertheless, the main design principles behind the proposed
protocol are not tied specifically to IEEE 802.11, but they can
be applied to any distributed MAC protocol that employs a
carrier sense multiple access (CSMA) scheme.
The rest of this paper is organized as follows. In Section II,
we present a short overview of the main problems that
arise from wireless network coding implementations that are
unaware of the MAC protocol. Motivated by these problems,
we present the basic features of the proposed NC-MAC
protocol in Section III, while the channel access scheme is
presented in detail in Section IV. Subsequently, in Section V
we describe in detail how the NC algorithm can be easily
implemented when the basic protocol is in place. All the
protocol features are jointly characterized by an analytical
throughput model in section VI. In Section VII, we present our
comprehensive comparative simulation and numerical results.
Finally, Section VIII presents our conclusions.
II. P ROBLEM S TATEMENT AND M OTIVATION
In this section we initially provide an analysis behind the
problems of wireless network coding that we wish to address.
The identification of these problems is essential for defining
the appropriate generic mechanisms that can offer the transmission of coded packets with high efficiency independently
of the coding algorithm.
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A. Opportunistic Listening
As we mentioned in the Introduction, the broadcast property
of the wireless channel is the basic characteristic of wireless
ad hoc networks that is exploited by network coding. However, opportunistically overhearing packet transmissions as we
demonstrated in Fig. 1, does not always guarantee improved
performance of the network coding algorithm. In this figure,
we assumed that N1 transmits a unicast packet a that is
intended for node N2 , but it is also overheard by N5 who is
within the carrier sensing range of both N1 and N2 . If a node
is not the intended receiver (in this figure N5 ), it cannot acknowledge correct reception of overheard packets. This means
that the node that employs network coding (in this figure N2 ),
should either not code packets for which it is not certain that
they were overheard, or it can code despite the absence of
this knowledge. However, it is impossible for N2 to know if a
coding decision is correct unless it has precise knowledge of
the packets that are stored at each node in the neighborhood.
Incorrect coding decisions will require retransmissions that
lead to under-utilization of the wireless channel and eventually lower throughput. In existing wireless network coding
schemes, packets that are meant for broadcast are sent with the
802.11 unicast mechanism (pseudo-broadcast). In that case the
problem is addressed with the use of asynchronous cumulative
out-of-band acknowledgments [5]. The disadvantages of this
solution are first the stochastic estimation of the fate of already
transmitted packets, the increased packet delay, and the need
for separate medium contention rounds for the transmission
of out-of-band batch acknowledgments. These problems are
exacerbated of course in situations of high network contention.
Another important problem is the existence of hidden nodes
that can also significantly deteriorate the performance of
network coding. The reason is that the existence of hidden
nodes increases the probability of unidentified packet loss of
both regular and coded packet transmissions (in this figure
N6 ). Therefore, it is crucial is to improve the robustness of
the coding algorithm by avoiding incorrect coding decisions
for each individual packet.
B. Metadata for Coded Packets
The problems we described in the previous paragraph can
significantly affect the performance of the actual network
coding algorithm. The unreliability of wireless transmissions,
and the possibility of unordered delivery of network-coded
packets, forces existing protocols to use an additional packet
header. This header contains all the necessary metadata for
decoding the initial packet. In particular, when a node receives
a packet with a MAC address different from its own, it checks
this header to see if it should decode the packet to extract the
new information. Otherwise it stores the packet in a buffer and
marks it as an opportunistically received packet1 . However,
this header constitutes an important overhead and requires new
functionality between the Network and MAC layers. But if we
look more carefully, we can see that this overhead is necessitated because packets are not synchronously acknowledged,
and they may also need to be forwarded over multiple hops.
1 With COPE [5], the node that transmits a coded packet does not know
whether it was actually received.
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Therefore, the challenge here is to minimize the additional
header overhead, but at the same time ensure correct decoding
decisions at the receiving nodes.
III. BASIC NC-MAC P ROTOCOL
Our discussion in Section II provided an overview of the
problems that we desire to address in this paper. In this section
we present the proposed NC-MAC protocol that is implemented with minor modifications as part of IEEE 802.11. With
NC-MAC a node can transmit three types of data packets: 1)
a regular unicast uncoded data packet, 2) a unicast uncoded
data packet targeted to multiple opportunistic receivers, and
3) a coded packet targeted to multiple receivers. Furthermore,
a new type of acknowledgment packets is introduced but its
purpose is explained in the next section. For these three types
of data packets the MAC headers are created as follows:
1) For regular packets the MAC header includes a single
destination address that indicates unicast transmission. 2) For
an opportunistic packet the MAC header destination fields
include the addresses of the intended opportunistic receivers.
3) For a coded packet the destination address fields in the
MAC header include all the addresses of the nodes that must
decode the network-coded packet. The header indicates which
packet type is contained in a two-byte field. While neither the
proposed protocol nor the coding algorithm dependent on this
precise header structure, the requirements that we analyzed
should be satisfied.
A. Managing Opportunistically Overheard Data Packets and
Acknowledgments
The main mechanism for improving coding decisions is
an additional form of acknowledgments for opportunistically
overheard packets. This is a mechanism of receiving in-band
notifications that ensures correct coding decisions while it
renders unnecessary the explicit cross-layer communication
between higher protocol layers and the MAC protocol. We call
this type of acknowledgments, opportunistic acknowledgments
(OACKs) to distinguish from the ACKs that are required
for the reliable data delivery2. OACKs do not ensure full
reliability since no retransmission timer is associated with opportunistically overheard packets. Nevertheless, OACKs offer
a fairly simple and powerful technique that allows a node to
have a better indication regarding the status of the overheard
packets at each neighboring/receiving node. In conjunction
with OACKs, multiple virtual opportunistic packet buffers
(OPBs) are maintained for each transmitting neighbor of a
particular node. The OPBs are mainly responsible for tracking
”who sent what” and ”who acknowledged what”. Therefore,
to minimize storage requirements to the absolute minimum we
define certain rules under which data packets are stored. To
demonstrate how the previous two ideas can work together,
we consider again our simple example in Fig. 1. In this
example N1 should require from N5 to OACK packet a since
it has detected transmissions from N2 to N5 . This OACK will
indirectly notify N2 regarding the opportunity to use packet a
2 The PHY frame structure is the same. Since OACKs are control packets,
they are transmitted at lowest possible PHY rate to ensure high probability
of successful delivery.
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Fig. 2. Nodes use the last successfully received packet as an indication of
each receiver’s OPB state. The loss of opportunistic ACK is also demonstrated
in this figure. N2 estimates that N5 did not receive packet a. However, N5
actually has it while it also overheard the ACK sent by N2 .

for coding. Note however that while N5 will OACK packet a,
N2 will send a regular ACK since it is the target destination
of a.
We can formulate now a simple algorithm for determining
the group of nodes that should OACK the transmission of a
data packet originated from a specific node. The algorithm
also prevents OACK implosion since we do not want every
node to acknowledge unnecessarily the transmission of every
regular data packet. The algorithm consists basically of two
conditions that should be checked before a node populates the
list of opportunistic receivers in the packet header:
Rule 1: A node Nx should request from another node Ny
to OACK a packet l currently considered for transmission to
l→nexthop, iff within the last K transmissions detected from
l→nexthop at least one was destined to node Ny . The sender
makes a transition to OACK requested state.
If within the last K transmitted packets from l→nexthop
one was transmitted to Ny then Nx uses this information
as a soft indication that there is potentially a packet flow
from node l→nexthop to node Ny that could be coded.
However, we want to avoid that a node receives and stores
opportunistically overheard packets that are not actually used
for coding. Since rule 1 does not actually ensure that there
is a coding opportunity and the request of an OACK was the
appropriate choice, we define a second rule that can actually
satisfy this objective:
Rule 2: If a node is in the OACK requested state and
within K consecutive transmissions detected from l→nexthop
one is a coded packet destined to node Ny , then subsequent
OACKs can be sent by following rule 1. The sender makes a
transition to OACK validated state.
These rules are important to ensure dynamic adaptation
to the changing channel or packet flow conditions that may
arise due to packet errors or mobility. Furthermore, rules 1
and 2 ensure that at most one opportunistically overheard
packet is unnecessarily stored. For example the result of these
rules in Fig. 2 is that N1 will request from N5 to store a
packet only when it identifies a transmission from N2 to N5 .
Also in the same figure, we present next to the simple toy
topology the OPBs of nodes N2 and N5 . Nodes can ”flush”
their OPBs by simply not acknowledging opportunistically
overheard packet transmissions. These nodes are considered
out of the ”coding loop”. Therefore, if a new innovative
packet has to be transmitted to them, it is transmitted uncoded.
Note that this may be either a conscious decision of the
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Fig. 3.
Proposed channel access scheme with transmission of OACKs
and ACKs. The SIFS interval between the successive acknowledgments is
used for protecting from other nodes’ contention. Our system supports both
physical/virtual carrier sensing.

receiver (e.g. due to buffer limitations) or it may arise from
a lost OACK as the example in Fig. 2 demonstrates. Either
way, the protocol ensures that it has an up-to-date view of
the OPBs in its neighborhood before any coding decisions
are made. We believe that this level of reliability is enough
instead of adopting a complex reliable multicast protocol. One
more observation that can be made from Fig. 2, is that use
of OPBs renders unnecessary the need for complex packet
headers for distinguishing coded packets, since a virtual queue
is maintained for each neighbor.
IV. C HANNEL ACCESS WITH NC-MAC
At this point we have introduced the concept of OACKs and
we explained their role in manipulating the multiple virtual
OPBs that are mapped to a single receiving MAC layer queue.
Even though our protocol only requires a CSMA channel
access scheme, we adopt the same distributed multiple access
scheme with IEEE 802.11 that is based on binary exponential
backoff (BEB) for collision avoidance. The interested reader is
referred to [15] and [16] for details regarding the operation of
CSMA/CA and the IEEE 802.11 MAC respectively. With the
proposed protocol, the channel access mechanism differs only
in the way coded and opportunistic packets are transmitted.
1) Channel Access for the Transmission of Opportunistic
Packets: To implement this feature, the basic requirement
is the transmission of OACKs according to rules 1 and 2.
Therefore, the channel access mechanism should be engineered accordingly. Fig. 3 demonstrates the proposed channel
access scheme when nodes transmit opportunistic and coded
packets. N2 acknowledges a packet since it is the next hop of
a transmission from N1 . According to our network topology,
this also means that N5 can overhear transmissions both from
N1 and N2 . According to rule 1, N1 must have requested
an OACK from N5 which sends it after a short inter-frame
space (SIFS). After N1 receives an OACK from N5 it infers
that N5 can hear also N2 ’s transmissions. N1 waits for a
distributed inter-frame space (DIFS) so that it is certain that
no other nodes have sent an ACK, and then it proceeds with
resetting the backoff counter normally. Regarding the duration
of a successful or not transmission of a opportunistic packet,
we must note that it is not constant since the number of
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opportunistic receivers depends on the specific packet flows.
If the number of opportunistic receivers is denoted as N ,
from Fig. 3 we can calculate the maximum duration for
the successful transmission of an 
opportunistic packet as
TRO (N ) = THDR (N ) + TD (r) + N (TSIF S + TOACK ),
where THDR is the duration of the extended MAC header
and TD (r) is the duration of the data packet that depends on
the selected PHY rate r. Note that the duration of successful
transmission for a regular unicast data packet is constant and
equal to TR = THDR + TD (r) + TSIF S + TACK .
2) Channel Access for the Transmission of Coded Packets:
The proposed channel access scheme makes use of the requestto-send/clear-to-send (RTS/CTS) mechanism only for transmitting coded packets. A transmitting node sends a single RTS
with multiple nexthop addresses in the RTS header (i.e., to the
nodes that can decode an innovative packet). CTS packets are
sent after SIFS with the order being determined by the order of
the receivers addresses as they appear in the RTS packet (see
Fig. 3). After a CTS is received from the nodes that can actually decode an innovative packet, the transmitter sends with a
single broadcast transmission the coded packet. The received
packet is decoded and the appropriate OPBs are updated.
Finally an ACK is sent after SIFS similar to the same principle
that applies for the transmission of CTS control packets. Note
that whether RTS or data packets are re-transmitted to those
neighbors from which CTS or ACK was not received, depends
on whether reliable multicast is employed or not. For our
protocol we decided to avoid this option since we do not want
to affect fundamentally the basic CSMA/CA. For a coded data
packet the total maximum transmission
time is similarly with
before TC (N ) = THDR (N ) + TD (r) + N (TSIF S + TACK ),
where N is the number of receivers that the specific coded
packet is destined to.
3) Pseudo-Algorithm for Channel Access: We summarize
the above analysis for the proposed channel access scheme by
presenting a pseudo-algorithm in the upper part of Fig. 4.
When there is packet in the MAC queue, regardless of
whether the packet is coded or not, the node will sense the
channel and transmit according to the BEB algorithm. This is
accomplished by a call to the xmit pkt mac() procedure.
When the backoff timer expires, the packet is passed to
the PHY with xmit pkt phy() and it is transmitted. The
radio at the transmitter is then set into listening mode for
listening ACKs and OACKs after the end of the transmission.
Now the new functionality that NC-MAC introduces is that
the transmitter populates the hash table that indicates the
receivers that actually received the particular packet l. As we
said earlier, a coded/uncoded packet is retransmitted and the
backoff algorithm is initiated, only when the transmission to
one of the primary receivers fails (i.e., that belongs in the
group Innovative[]). Depending on the group of receivers
that did not ACK a coded packet, the coding algorithm at the
sender will check for new coding opportunities as we explain
in the next section.
V. N ETWORK C ODING A LGORITHM
We explained in the previous sections the concept of
OACKs and OPBs, as well as the proposed channel access
scheme. The aforementioned techniques all synergetically
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xmit pkt mac(l)
1: xmit pkt phy(l) //when the backoff timer expires
2: listen ACKs(l)
3: hash(l) = {...}
4: if if Innovative[l] have received l then
5:
CW = min(CWmin , CWmax )
6: else
7:
CW = min(2CWmin , CWmax ) //double the CW
8: end if
9: start backof f timer(CW )
code pkt mpdu(lx )
1: if lx → nxthop == hash(ly ) then
2:
if ly → nxthop == hash(lx ) then
3:
lx = lx ⊕ ly
4:
lx → nxthop+ = {ly → nxthop, ...}
5:
end if
6: end if
7: ly ++
8: xmit pkt mac(lx )
Fig. 4. Pseudo-algorithms for the channel access scheme and the coding
algorithm.

contribute towards improving the ability of the coding algorithm to make correct coding decisions. Regarding the coding
algorithm itself, our system supports the transmission of MAC
service data units (MSDUs) coded with simple bitwise XOR
operation while it requires decoding at the next hop. This
last requirement is a mixed blessing since packets may be
decodable at multiple nexthops. This option would demand
a cross-layer design that requires either additional packet
headers as we explained earlier [5], or explicit support from
the routing layer [7]. On the other hand, by asserting this
constraint we simplify the design of the coding algorithm that
can be designed so as to support this single-hop XOR-based
network coding algorithm.
Now the MSDUs that are passed from the upper layers are
encoded by using the algorithm shown in the lower part of
Fig. 4. The main procedure code pkt mpdu() is executed
for a packet lx that resides at the head of the outgoing MAC
queue. The decodability of different options is examined next.
The first packet lx in the outgoing MAC queue is coded only if
it has been overheard or transmitted by a neighboring node. To
implement the above lookup procedure, we use in our system
an efficient hash table that contains as keys the packets in the
outgoing MAC queue. The hash function returns the nodes
that received that particular packet. For example in Fig. 2, the
result of the hash function hash(α) executed at N2 , will return
N5 according to the contents of the OPBs. Hash tables provide
constant-time O(1) lookup on average. When a valid coding
combination is found, the packet lx is coded while the set of
destination nodes that must receive it are updated accordingly
(i.e., with the assignment lx → nxthop+ =). This procedure
is repeated until the optimal number of packets that can be
coded is identified. A coded packet is created this way. It is
also possible that the algorithm may not code a packet, and
transmit it as opportunistic packet if the rules 1 and 2 allow it.
When these two rules do not apply, the packet is transmitted
as a regular uncoded packet.

C2
λ 4R
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λ2C
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λ 2C
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λ 3RO
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Fig. 5. The analytical model considers clusters of nodes and inter-cluster
connections through relays.

VI. A NALYTICAL M ODEL
Developing an accurate performance model for our system
is not trivial since there is a need to characterize jointly the
MAC protocol and network coding in a multi-hop setting [11],
[17]. Therefore, we narrow our focus in a static mesh network
for which only certain nodes are configured to act as relays.
The network we are interested consists of clusters of nodes.
Each cluster i is composed of Ri regular nodes that transmit
packets within the cluster, and ROi regular nodes that transmit
packets to other clusters. Furthermore, each cluster has access
to Ci relay nodes. Fig. 5 presents an example of our system
model with 4 clusters and 4 relays. Relay nodes are the nodes
that can code packets since they can transmit and receive
packets in more than one cluster. All nodes within a cluster
can hear each other. Now each relay node interconnects MR
clusters and so it is subject to the contention caused by this
exposure. More specifically a relay has to contend with R·MR
other regular nodes plus MR · (C − 1) other relays.
We adopt a queueing model for modeling our system,
and we define different traffic classes to distinguish different
packet types. The network is assumed to be in the saturation
condition, that is every node is backlogged and always has a
packet to transmit. The mean data traffic load that is destined
from each node inside another node in the same cluster i, is
denoted as λRi (packets/slot), the rate of opportunistic packets
that are destined to any of the relays is λROi , while the rate
of coded packets transmitted from the relay j is λCi . We
assume that the total outgoing traffic from a cluster i is split
equally between the Ci available relays. If we look it from the
perspective of the relay, the total traffic
MRthat is concentrated
to a specific relay j is λIN (j) =
i=1 λROi (j). Now the
service rate that is seen by each packet type is denoted as μC ,
μRO , and μR respectively. Also, the queue utilization at the
(j)
, and it has to be ρ(j) > 1 for
relay is given by ρ(j) = λμIN
C (j)
stability.
A. Packet Transmission Probabilities
NC-MAC is essentially the same q-persistent CSMA/CA
protocol that is used in the DCF mode of IEEE 802.11. In
a slotted q-persistent CSMA each node senses the channel at
the beginning of each time slot and if the channel is free it
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transmits with probability q [15]. If the conditional collision
probability is given as p, a collision will occur if either a node
or a relay transmits a packet inside the same contention zone.
Let τ denote the probability that a node transmits in a random
slot. Then if both the C relays and the R + RO regular nodes
are backlogged and if the network is homogeneous, the total
collision probability would be p = 1−(1−τ )R+RO+C−1 [18].
However, for NC-MAC the average transmission probability
τ is different depending on the type of the transmitted packet,
and also for each relay it depends on the number of clusters
MR it interconnects. We calculate the collision probabilities
next. The conditional collision probability for RTS packets
preceding a coded packet transmission only from relay j can
be calculated as
MR (j) 

λRi
λROi
(1 −
pC (j) = 1 −
τRi )Ri (1 −
τROi )ROi
μ
μ
C
C
i
i
i=1
i

λC
(1)
× (1 − k=1 k τCi )Ci −1 .
μCi
This equation means that the transmission of an RTS packet,
that precedes the transmission of the coded packet itself, will
succeed only when none of the regular nodes in the adjacent
clusters transmit a regular data packet, and similarly no node
transmits an opportunistic or coded packet. To ameliorate the
effect of high contention, we adopted the RTS scheme for this
type of packets which eventually results into reducing the pC .
Note that in this equation the effect of hidden nodes is not
included since we observed that the short duration of the RTS
minimizes the probability of such collisions.
For regular packets we can derive a simpler formula since
these transmissions are exposed only to the contention from
the nodes inside their own cluster and the RTS packets from
the Ci relays. So we have that
pR (i) =
×

1 − (1 −

λRi
τR )Ri −1
μRi i

λROi
(1 −
τROi )ROi (1 −
μRi

i
k=1

λCk

μRi

τCi ) .(2)
Ci

Regarding the opportunistic packets, we have to recall that
according to our protocol they are destined to relays3 . At this
point in our analysis we need to account for the effect of
hidden nodes. The transmission of opportunistic packets to a
relay node will be vulnerable to the transmissions from all the
nodes that are within the transmission range of that particular
relay. Thus, the resulting expression will be more complex.
The probability of collisions only due to hidden nodes for all
the transmissions of RO packets from cluster i will be
λROi
τROi
pH (i) = 1 −
μROi
× (1 −

MR (j)−1 



(1 −

m=1

λROm
τROm )ROm (1 −
μROi

λRm
τR )Rm
μROi m

m


k=1 λCk
τCm )Cm .
μROi
(3)

Essentially this equation means that the transmission of an opportunistic packet to each relay will succeed only when none
3 These

packets are also received by nodes inside their cluster but these
transmissions do not affect the throughput calculation.
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of the nodes (either regular or relays) in the adjacent clusters
λ i
τROi is
of that particular relay transmits. The first term μRO
ROi
the transmission probability of opportunistic packets to any of
the attached relays. It is possible to express this quantity in
this way since we assume for simplicity that the traffic load
is distributed symmetrically. Furthermore, the probabilities of
this type of collisions depend on the targeted relay and of
course its neighborhood, which makes them independent for
each relay. That is why the form of this equation is similar
to (1). But despite hidden nodes, we also have to account for
the collisions that are caused inside the same cluster during
the service cycle of an opportunistic packet. Therefore, we
have
λRi
λROi
τRi )Ri (1 −
τROi ))ROi −1
pRI (i) = 1 − (1 −
μROi
μROi
i
λC
× (1 − k=1 k τCi )Ci .
(4)
μROi
Note that the total collision probability pRO is equal to pRI +
pH since these two probabilities are independent.
At this moment we have derived the conditional transmission probabilities, and so we can easily calculate the average
number of transmissions for each packet type. The average
number of transmissions has to account for the fact that Ltruncated ARQ is employed. So we have for regular packets
that
1 − pL−1
R
.
(5)
E[NR ] =
1 − pR
Similar equations can be written for E[NC ] and E[NRO ].
The next step is to account for the binary exponential
backoff algorithm that is used in conjunction with ARQ. The
backoff algorithm controls the evolution of the contention
window as we described earlier. It has already been shown
that its evolution can be expressed as a geometric distribution
which means that its average value will be [19]
W =

L


pl (1 − p)2l

l=0

W
W
+ pL+1 2L .
2
2

(6)

To obtain another equation for solving numerically the problem, we can easily calculate the transmission probability for
an arbitrary slot as follows
τR =

E[NR ]
.
E[NR ] + W̄R

(7)

Accordingly we can derive the transmission probabilities for
the other packet types.
B. Collision Duration
As a consequence of the previous analysis, we can see that
the average collision time for different packet types will also
be different and therefore has to be calculated accordingly.
By using the detailed values for the conditional transmission
probabilities as we derived them in (1), (2), (3), and (4), we
can estimate accurately the average total collision time. For
example for coded packets it will be
T coll,C =
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pC (1 − pC )L
t̄coll,C .
1 − pC

(8)
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The terms t̄coll,C , t̄coll,R , and t̄coll,RO are the average collision
time of a single coded, regular, and opportunistic packet
respectively. Note that t̄coll,R = t̄coll,RO , since the duration
of data packet transmissions is the same.
But the collision probability for coded packets that was
calculated in (1) is just the average value. It is not enough
if we want to calculate the average collision time of a single
packet transmission t̄coll,C . The reason is that a coded packet
can only collide with its short RTS packet that is sent initially
preceding any coded packet transmission. So the RTS packet
that precedes any coded packet may collide with other RTS or
data packets, and so there is a need to distinguish the collision
probabilities of coded and opportunistic/regular packets and
calculate the time spent during these phases. By following the
same approach we can derive easily closed-form expressions
for these probabilities. First, the probability that the RTS
transmission from the relay j collides with another RTS
transmission from another relay in the MR attached clusters
is calculated as follows
p1 (j) =

i

(Ci −

λ
1) μCCi
i

+

λ i
Ri μR
Ci

+

λ i
ROi μRO
Ci

.

(9)

The last terms in this equation, i.e. R μλR
and RO λμRO
, express
C
C
the number of regular and opportunistic packets that are
transmitted during the service cycle μC of a single coded
data packet. On the other hand, the probability that the
RTS transmission from a relay collides with a regular or
opportunistic transmission is
p2 (j) =

λ

i
(Ri μCR(i)
+ ROi

M
R

i=1

(Ci −

λ
1) μCCi
i

+

λ i
Ri μR
Ci

λROi
μCi

)

+ ROi

λROi
μCi

.

(10)

Therefore, the average time spent on collisions for a single
coded packet is t̄coll,C = p1 tRT S + p2 tdata , where tRT S and
tdata are the transmission time of an RTS packet while the
later is determined by the payload size and the various header
overheads.
Regarding the collision of regular and opportunistic packets,
since the colliding packets have similar size, and therefore
the same impact on the collision time, there is no need to
refine the calculation of pR and pRO respectively. Now in
order to calculate the overall throughput achieved within a
single cluster, we have to consider the transmission of regular,
opportunistic, and coded packets.
C. Throughput
For deriving the final throughput formula we need also
to identify the expressions for the service cycle of different
packet types. By following the same reasoning with the
previous paragraphs, the average cycle for the transmission
of a regular packet in cluster i is
1
μR

G(i) = Ri

λRi
λROi
λC
+ ROi
+ Ci i .
μRi
μRi
μRi

(12)

Recall that MR is the number of clusters that the relay is
interconnecting and therefore MR is the number of packets
that it can code and increase the throughput by this factor. Note
also that the performance implications of using the relay for
coding, and the impact of hidden nodes, are embedded in (12)
since the contribution of each relay is calculated independently
for each cluster that it interconnects. However, to solve this
equations numerically we need the topology of the network
so that we know the position of the relays in the system.

λ

(Ci − 1) μCCi

M
R

i=1

The first line in this equation is the time consumed for the
successful transmissions of the different packet types. TR ,
TRO , and TC were calculated in Section III. In this formula
we also account for the total average time spent in collisions,
thus dividing by 3 different packet types, and the total average
time in backoff. During this service cycle the MAC-layer
throughput inside cluster i will be

λROi
λRi
TR + ROi
TRO
μRi
μRi
λC
1
λR
+ Ci i TC + TR + (Ri − 1) i T coll,R
μRi
3
μRi
λROi
1
1 λCi
ROi
+
T coll,RO + Ci
T coll,C . (11)
3
μRi
3 μRi
= W R + (Ri − 1)

VII. P ERFORMANCE E VALUATION
For evaluating the performance of the proposed protocol
we defined different topologies that consist of inter-connected
clusters of nodes. We have built our own simulation tool in C
for NC-MAC and the IEEE 802.11 MAC protocol. We also
implemented a simulation model for a coding scheme that
adopts the main features of COPE [5] and includes all the basic
features like pseudo-broadcast and separate data transmissions
that contain reports for the stored coded packets. We call
this protocol NC/802.11 to indicate that network coding is
implemented independently of the 802.11 MAC protocol. We
experimented with the number of CBR/UDP flows and the
number of hops they traverse. Flows between two nodes in
different clusters are generated randomly so that relay nodes
are loaded asymmetrically and achieve different and more
realistic coding gains. When multiple routes exist, shortest
path routing is used for determining the end-to-end path of
each flow. The channel access timing parameters are similar
with 802.11 (SIF S=16μsec, DIF S=34μsec). For all our
simulations we assumed contention-induced packet losses.
A. Number of Nodes per Cluster
Fig. 6 demonstrates the impact of assigning a different
number of nodes to each cluster while the packet flows traverse
just a single hop. In these experiments, the percentage of
outgoing traffic load λRO is 60%. Fig. 6(a) presents simulation
and numerical results for 4 clusters connected in chain and
star topologies respectively. In a chain topology clusters are
connected in tandem with a maximum of 2 relays between
them (denoted as 2r), while in the star topology all clusters
are inter-connected together with a relay (denoted as 4r). The
first result we expect to see is the reduction in throughput
as we increase the number of contending nodes within the
clusters. The relay nodes gradually obtain a smaller fraction of
the available bandwidth which prevents them from forwarding
coded packets. This situation is reflected on the performance of
relays and regular nodes that is different by at most 10%. Also
another important observation is that the numerical results

Authorized licensed use limited to: Philips. Downloaded on May 5, 2009 at 10:07 from IEEE Xplore. Restrictions apply.

ARGYRIOU: WIRELESS NETWORK CODING WITH IMPROVED OPPORTUNISTIC LISTENING

1.4

1.7
Ana. NC/802.11 (λ RO =30%)

Ana. NC/802.11 (2r)
Sim. NC/802.11 (2r)
Ana. NC-MAC (2r)
Sim. NC-MAC (2r)
Ana. NC/802.11 (4r)
Sim. NC/802.11 (4r)
Ana. NC-MAC (4r)
Sim. NC-MAC (4r)

1.3
1.25
1.2

Sim. NC/802.11 (λ RO =30%)
Ana. NC-MAC (λ RO =30%)
Sim. NC-MAC (λ RO =30%)
Ana. NC/802.11 (λ RO =60%)
Sim. NC/802.11 (λ RO =60%)
Ana. NC-MAC (λ RO =60%)
Sim. NC-MAC (λ RO =60%)

1.6
1.5
Throughput Gain

1.35

Throughput Gain

2021

1.15

1.4
1.3
1.2

1.1

1.1

1.05
1

1
1

2

3
4
5
6
Number of Nodes/cluster

7

8

2

(a) Four clusters in star and chain topologies

3
4
5
6
Number of relays (32 nodes, 8 clusters total)

7

(a) Performance vs. different number of relaying nodes.

1.9
Sim. NC/802.11 (2r)
Ana. NC-MAC (2r)
Sim. NC-MAC (2r)
Ana. NC/802.11 (3r)
Sim. NC/802.11 (3r)
Ana. NC-MAC (3r)
Sim. NC-MAC (3r)

1.6
1.5
1.4
1.3
1.2
1.1
1
0

5

10

100
80
60
40
20
0
30

40

50

60

70

80

90

100

80

90

100

(b) NC-MAC

15

20

25

30

OPB occupancy (%)

1.7
Throughput Gain

OPB occupancy (%)

Ana. NC/802.11 (2r)
1.8

100
80
60
40
20
0
30

40

50

Number of clusters (32 nodes total)

(b) Constant number of 32 nodes for different allocations into clusters.
Fig. 6. Simulation and numerical results with λRO = 60%. The use of a
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Fig. 7. Results for the throughput gain and the buffer requirements for
different outgoing traffic load λRO .

follow closely the obtained simulations while the network is
in the stable state with ρ < 1. Even for high load where the
queue utilization ratio goes beyond 1, the model is still very
accurate since the queuing modeling approach accounts for
the dropped packets.
Since the results in Fig. 6(a) might be misleading in terms
of the performance of both protocols under test, we evaluate
the system performance when a constant number of nodes
is allocated differently to clusters, adjusting thus the level of
contention within each cluster. Fig. 6(b) presents these results
for a chain and ”3-relay” (denoted as 3r) topologies, which
means that each cluster was connected to 2 and 3 relays
respectively. The use of more relays and the formation of
different topologies results into even higher throughput increase with NC-MAC. These results represent a more realistic
situation since in a wireless ad hoc network several neighbors
of a node can act as relays. The numerical results follow
the simulations even more closely when compared with the
previous experiment, despite the existence of more clusters.
The good match in this case is attributed to the fundamental
features of NC-MAC that are embedded in the developed
model which is primarily the differentiation of the transmitted
packet types.

B. Number of Relay Nodes between Clusters
The results in the previous section indicate that higher
performance is achieved when more nodes can act as relays
and code packets. This is something that we expected but a
more detailed look into the performance is provided now. We
start with 32 nodes allocated to 8 clusters and we gradually
increase the number of relays from 2 to the maximum possible
of 7. Fig. 7(a) shows that the performance increase achieved
by NC-MAC becomes more significant as the number of
outgoing traffic λRO is increased. Our analytical model is
also well-suited for modeling the implications of a higher
outgoing traffic load. The separation between λRO and λR
served precisely for modeling this scenario. As we will later
see, the performance can continue to increase linearly until
a certain point that depends primarily on the size of the
MAC queue. Nevertheless, for a higher number of relay nodes
that interconnect the clusters the importance of our protocol
is even more significant as the results in Fig. 7(a) indicate.
This is a result we expect since the outgoing offered load
from the clusters λRO , can be distributed to more relays
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C. Sizing the MAC Queue
One of the questions that naturally comes up at this point
is the effect of the MAC queue size on the performance of the
relays and regular nodes. Contrary to what we would expect,
increasing the size of the MAC queue both at individual
regular nodes and at the relays does not always lead to
improved performance. In general, with increased queue size
a relay has more coding opportunities both with NC/802.11
and NC-MAC4 . However, this is only true for symmetric traffic
between clusters for which the simulation results are presented
in Fig. 8(a). Numerical results are not presented to avoid
clogging the presentation. In this figure we observe that after
a certain buffer size, further increase of the buffer size does
not enhance the performance even for higher offered load at
the relay since these packets are dropped at very high rate,
i.e. ρ > 1. This is one important conclusion from several
simulations that we performed. NC-MAC is able to maintain
an increasing throughput gain even for a higher offered load.
When trying to interpret this result our analysis provided a
very interesting insight. With NC-MAC a coded packet before
it is transmitted it replaces in the output queue of the relay two
packets, and more buffer space is saved when the cross-cluster
4 The NC/802.11 protocol also stores coded packets at regular nodes
contrary to NC-MAC.

2.2
NC/802.11 (λ RO=50%)
NC-MAC (λ RO=50%)
NC/802.11 (λ RO=70%)

2
Throughput Gain

which correspond to an increased coding gain. The proposed
NC-MAC can capitalize even more on the introduction of
more relay nodes since the coding opportunities are increased.
The reason behind the increase in the number of coding
opportunities will become clear in the next set of simulations.
Another important observation from the same set of results is
that the proposed protocol is less sensitive to the number of
nodes that contend for the medium within each cluster due
to the low overhead of the OACKs. Even with light outgoing
traffic load, and many opportunistic receivers, no unnecessary
buffering of overheard packets takes place. At the same time,
for NC/802.11 and even for light outgoing traffic load a node
still suffers from contention-related losses for the out-of-band
acknowledgments sent for coded packets. Furthermore, more
buffer space is occupied at the opportunistic receivers. Finally,
for high λRO we observed increased collisions because of
hidden nodes. When we tried to obtain numerical results by
not considering the effect of hidden nodes, we observed a
significant mismatch with the simulation results.
For the same experiment we present in Fig. 7(b) the
allocation of the available buffer space between the three types
of data packets both at regular nodes and the relays. Note
that no acknowledgments are stored since they are processed
immediately by updating the hash table. The results are very
encouraging since they show that the previous performance
is achieved with the storage of the minimum number of
opportunistic packets. A subtle point that is not shown, is
that even though for high inter-cluster load the percentage
of opportunistic packets in the buffer is nearly the same for
both protocols, NC-MAC stores only packets that are actually
needed for coding. The same holds for coded packets at
the relays where several of them are unnecessarily coded by
NC/802.11.
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Fig. 8.

Simulation results for the throughput gain.

flows are increased. But the removal of regular packets from
the relay queue after they are coded, has minimal impact on
their reliable delivery because of the RTS/CTS mechanism.
However, for NC/802.11 even after several regular packets
are coded, they have to be maintained in the buffer. This is
necessary since out-of-band group acknowledgments must be
received for each of the regular packets that is contained in the
coded packet. Finally, it is easy to see that a higher degree of
symmetrical packets flows would work in favor of NC-MAC.
D. Multihop Flows
The effect of flows spanning multiple hops is examined next
and Fig. 8(b) presents the related simulation results. These
results correspond to a chain topology of 32 nodes allocated
to 8 clusters. In this case the offered load at each relay is
increased because the relays have to forward traffic from their
neighboring relays. Therefore, the percentage of traffic that
the relays must forward is higher while the locally generated
load is decreased. At the same time, the coding opportunities
are also increased. Nevertheless, there is a critical point that
is different for each protocol and depends on the number of
relays and the forwarding offered load. When the forwarding
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load is increased more than a certain value, the increased
contention and buffer overflows at the relays disallows them
from forwarding additional coded packets. In our simulations
we observed that increasing the buffer size could only increase
performance when the number of hops is low while at the same
time the packet flows across clusters are highly symmetric.
VIII. C ONCLUSIONS
In this paper we proposed a set of incremental enhancements for distributed MAC protocols that target improved
performance when wireless network coding is employed. Our
protocol called NC-MAC, does not specify the network coding
algorithm itself but instead defines a set of fundamental mechanisms that allow any opportunistic network coding algorithm
to increase its performance. The proposed scheme focuses on
ensuring correct coding decisions at each network node, while
it requires no cross-layer interactions. This problem is solved
in an integrated fashion first with the use of opportunistic
and adaptive acknowledgments at the MAC layer, and second
with the use of virtual opportunistic data packet buffers. In
the case of the IEEE 802.11 MAC, the above mechanisms
can be easily implemented by simple incremental extensions
that do not affect the capabilities of legacy 802.11 nodes.
Simulations of the proposed protocol for various static ad hoc
network topologies demonstrate a performance improvement
over existing schemes by 30-40%.
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