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ABSTRACT 

 

 A Mobile Ad-hoc Network (MANET) is a self-configuring infrastructure less network of mobile devices connected by wireless 

media. Each device in a MANET is free to move independently in any direction, and will therefore change its links to other devices 

frequently. Relay-aided communication is considered one of the key techniques to achieve high throughput at low cost in future wireless 
systems. Physical-layer network coding (PNC) is a promising approach for wireless networks which allows nodes to transmit 

simultaneously. Due to the difficulties of scheduling simultaneous transmissions, existing works on PNC are based on simplified medium 

access control (MAC) protocols, which are not applicable to general multi-hop wireless networks. We propose a distributed MAC protocol 
that supports PNC in multi-hop wireless networks. When a node finds that there is an opportunity for some of its neighbors to perform 

PNC, it notifies its corresponding neighboring nodes and initiates the process of packet exchange using PNC, with the node itself as a 

relay. During the packet exchange process, the relay also works as a coordinator which coordinates the transmission of source nodes. The 
proposed MAC protocol is based on the carrier sense multiple access (CSMA) strategy and can be regarded as an extension to the IEEE 

802.11 MAC protocol. In the proposed protocol, each node collects information on the queue status of its neighboring nodes. The 

simulation result shows that the proposed MAC protocol  increases throughput, decreases end to end delay and increases packet delivery 
ratio.  
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INTRODUCTION 
 

 MANET is a wireless infrastructure less network 

having mobile nodes. Communication between these 

nodes can be achieved using multi hop wireless links. 

Each node will act as a router and forward data 

packets to other nodes. One major issue that arises in 

wireless networks is how wireless terminals access 

the channel. Medium access control (MAC) 

protocols have been developed to coordinate the 

channel access. The time division multiple access 

(TDMA) or frequency division multiple access 

(FDMA) schemes require central scheduling, which 

is generally difficult to implement in distributed 

wireless networks. Hence, random access 

mechanisms, such as carrier sense multiple access 

(CSMA) have been widely adopted in wireless local 

area networks (WLANs). However, compared with 

centrally scheduled MAC protocols, random access 

MAC protocols have higher complexity. Therefore, 

most related works assume TDMA- like MAC layer 

which is not practically suitable. In this paper, we 

propose new random access MAC protocol to meet 

the current wireless scenario. 

 Recent advances in network coding bring 

performance improvement for wireless relaying 

networks [1]. The basic idea of network coding is to 

encode packets at a relay before forwarding. By this 

means, the bandwidth allocated to each node can be 

utilized more efficiently. Compared with 

conventional relaying/routing schemes, the network 

throughput, end-to-end delay, and network reliability 

can be improved with network coding. In 

conventional network coding (CNC) schemes [2,3], 

the relay encodes packets after receiving them in 

separate communication phases. Physical-layer 

network coding (PNC) encodes [4,6] packets through 

simultaneous transmissions. According to 

electromagnetic theories, simultaneously transmitted 

electromagnetic waves superpose in space, and the 

relay obtains an encoded version of the original 

packets from this superimposed signal. PNC further 

reduces the number of required communication 

phases and hence increases throughput. 

 The focus of this paper is to develop a practical 

random access strategies based distributed MAC 
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protocol that supports PNC. We refer to the proposed 

MAC protocol as DMAC in this paper. DMAC 

extends the CSMA-based IEEE 802.11 MAC 

protocol [8] and works in multihop wireless networks 

with arbitrary topologies. Nodes randomly access the 

channel as in the conventional IEEE 802.11 MAC. 

When there is an opportunity to perform PNC, 

DMAC coordinates the source nodes tran-smit 

simultaneously. The basic idea of DMAC is to 

encourage instructive interference which can be used 

for PNC and, at the same time, avoid destructive 

interference that may result in packet losses. In the 

cases where PNC is not applicable, DMAC 

automatically switches back to the CNC or 

conventional relaying schemes. When using CNC, 

PNC-MAC employs reliable broadcasting as 

proposed in [13].  

 

Related Work: 

 The distributed control of communication 

networks remains a challenging area. Recently, 

efforts on developing distributed MAC protocols that 

support PNC have been made, to make PNC 

applicable in practical systems. A basic MAC 

protocol for simple topologies using PNC was 

proposed in [3], which was implemented on a 

software defined radio prototype. In that protocol, a 

tail, which contains the same information as the 

header, is added to the packet, so that the header 

information can be successfully decoded from the 

non-superposed part of the superposed packet. 

However, it did not consider random access issues, 

and hence, it is difficult to be applied to more 

sophisticated topologies. In [13], a cooperative 

protocol for PNC was proposed, which allows partial 

packet superposition to make PNC feasible for 

distributed wireless networks with one relay and two 

sender-destination pairs. A theoretical MAC protocol 

for PNC using the abstract MAC layer specification 

is proposed in [12]. In [13], a distributed MAC 

protocol that supports rate-adaptive cooperative 

transmissions (including PNC) was proposed, which 

optimizes the data rates within a single hop.  

 Self-interference cancellation (SIC) schemes, 

which also make use of simultaneous transmissions, 

were incorporated with distributed MAC protocols in 

[14,15] which work in general wireless networks. 

The difference between PNC and SIC is that, with 

PNC, the superposed signal is mapped to a signal 

representing a coded packet; and with SIC, a packet 

is extracted from the superposed signal based on the 

node’s knowledge of its previously stored packets. 

Distributed MAC protocols which enhance the 

performance of CNC were also investigated in [16]. 

 Our work differs from previous work  in the 

sense that we consider queuing issues and the 

interaction between nodes that are connected in a 

multihop fashion. These issues are significant for 

multihop networks, because not every node has 

always a packet to send. 

 

Basic Principles of Proposed DMAC Protocol: 

 In this section, we discuss the basic principles of 

the proposed DMAC protocol. DMAC modifies the 

request-to-send/clear-to-send(RTS/CTS) based 

IEEE802.11 MAC protocol, to support PNC. In 

DMAC, each node notifies its queue status to its 

neighbouring nodes by adding a few bytes of control 

information to the data and acknowledgement 

(ACK). In this paper, we also assume a proactive 

routing protocol, in which nodes are aware of the 

network topology within at least two-hop range. 

When a node (denoted by R) senses according to the 

stored queue status  and routing information that 

there is an opportunity for two of its neighbouring 

nodes (denoted by A and B, respectively) to 

exchange packets through PNC, with R as the relay, 

node R performs channel access with the CSMA 

strategy and coordinates the nodes A and B to send 

packets. The detailed timing diagram is shown in 

Fig. 1.  

 
                    

Fig. 1: Packet Exchange in DMAC. 

 

 The TSIFS and TDIFS, respectively, denote the 

short interframe space (SIFS) and the distributed 

interframe space (DIFS) as defined in the IEEE 

802.11 standard; TPHY-Hd, TMAC-Hd, TRTS-
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PNC, TCTS, TCO-PNC,TACK, and TACK-PNC, 

respectively, denote the time length of the physical-

layer header, MAC header, RTS-PNC, CTS,CO-

PNC, ACK, and ACK-PNC frame; TDATA(N) 

denotes the time length of the data frame sent by 

node N. 

 Unlike conventional transmissions, a round of 

packet exchange using PNC is initiated by the relay. 

During the packet exchange process, the relay also 

acts as a coordinator that coordinates packet 

transmission.  

 

Data Exchange Scheme using DMAC:  

 When node R senses that there is opportunity to 

perform PNC, it sends an RTS-PNC frame, which 

contains the addresses of the two source/destination 

nodes A and B and the address of node R. The node 

that has a shorter packet to send (which can be 

known from the queue status stored at R) is set as 

node A. After receiving the RTS-PNC frame, the 

nodes A and B separately respond to R with CTS 

frames. When node R successfully receives both 

CTS frames, it sends a coordination (CO-PNC) 

frame, to coordinate packet transmissions of the 

nodes A and B. After receiving CO-PNC, node A 

starts data transmission after time TSIFS, node B 

starts data transmission after time 2TSIFS+TPHY-

Hd+TMAC-Hd. This process requires that nodes A 

and B are synchronized. We assume that the relay 

can estimate the timing difference between the two 

source nodes from the CTS frames it has received. 

With this information, the relay can send a 

compensation time to a specific source node (e.g., A) 

in the CO-PNC frame, so that node A can adjust its 

timer to synchronize with node B and ensure that 

PNC can be successfully performed. The accuracy 

requirement of the synchronization depends on the 

method of performing PNC.   

 Meanwhile, the data frame of node B is in a bit-

reversed order, i.e., the tail of the data frame is 

transmitted at first and the header at last. Because the 

packet sent by node A is not longer than the packet 

sent by node B, there exists at least a time of 

TSIFS+TPHY-Hd+TMAC-Hd during which the data 

frame from node B is not interfered. The time 

difference between the two data frames ensures that 

the relay R can successfully decode the headers of 

both data frames. Decoding the headers is significant 

for judging whether the intended packets are 

superposed and for updating node R with the most 

recent queue statuses of nodes A and B. The strategy 

of adding a time difference between data frames is 

similar with the strategy proposed in [3]. 

 After the relay R receives the simultaneously 

transmitted and partly superposed signal, it performs 

the coding operation CPNC(·) to the superposed part 

of the signal. The resulting coded packet is 

forwarded to the nodes A and B. When node A or B 

receives the coded packet, it attempts to extract the 

packet, which it intends to receive, from the coded 

packet. If successful, an ACK frame is transmitted in 

the order as shown in Fig. 1. After the relay R 

receives the ACK frames, an ACK-PNC frame is 

generated which contains the address(es) of the 

source node(s) to be acknowledged. After receiving 

ACK-PNC, each acknowledged source node flushes 

the packet, which it has just sent, from the queue. 

 

Network Allocation Vector Setting: 

 When nodes other than A,B and R receive the 

frames sent during the packet exchange process, they 

set their NAV timers and remain silent for the time 

specified in the NAVs. This strategy is called virtual 

carrier sensing which avoids collisions in the 

presence of hidden terminals. When exchanging 

packets using PNC in the proposed DMAC protocol, 

the nodes A, B, and R, respectively, set the NAV in 

two stages, to avoid unnecessary channel occupation. 

The length of the NAV is carried in the duration field 

of the frame. Different frames carry different NAV 

length. 

 

RTS-PNC: 

 The NAV length in RTS-PNC is set so that the 

relay R occupies the channel until CO-PNC has been 

sent and a new NAV is set. More specifically, the 

NAV length is 

 

TNAV(R, RTS-PNC) =3TSIFS+2TCTS+TCO-PNC     

  (1) 

 

CTS: 

 The node A sets the NAV length to cover the 

transmission time supposing only node A (or B) 

transmits. Specifically node A sets the NAV length 

to 

 

TNAV(A, CTS) =4TSIFS+TCTS+TCO-

PNC+TDATA(A)+TACK      (2) 

 

Specifically node B sets the NAV length to 

 

TNAV(B, CTS) =4TSIFS+TCO-PNC+TPHY-

HD+TMAC-Hd +TDATA(A)+TACK                         (3) 

 

 When nodes A and B both transmit, new NAVs 

will be set in the headers of the data frames sent  by 

A and B to cover the total time used for packet 

exchange with PNC. 

 

CO-PNC: 

 The NAV length in CO-PNC depends on which 

nodes will transmit data, which can be known from 

the received CTS frames and covers the remaining 

time used for data exchange. If only node A 

transmits data, the relay R sets the NAV length in 

CO-PNC to 

 

TNAV(R, CO-PNC A) = TNAV(A, CTS)-2 TSIFS -

TCTS-TCO-PNC                                    (4) 
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If only node B transmits the data, the NAV length is 

set to 

 

TNAV(R, CO-PNC B) = TNAV(B, CTS)- TSIFS- 

TCO-PNC                                                (5) 

If both nodes A and B transmit data, the NAV length 

is set to  

TNAV(R, CO-PNC) =2[TNAV(B, CTS)- 2TSIFS -

TACK-TCO-PNC]+ 3TSIFS+2TACK+ 

                           TACK-PNC 

                                = 2[TNAV(B,CTS)- TCO-PNC]- 

TSIFS+ TACK-PNC                               (6) 

 

Data: 

 When only one node transmits  data,  the  data  

frame  does not update the NAV, and hence, the 

NAV length can be set to TNAV(A, DATAA-

only)=TNAV(B,DATAB-only)=0. When both   

nodes   transmit   data,   the   headers   of   the   partly 

superposed frames are separately decoded, and the 

NAV timer is updated at the time the header has been 

completely received. Hence, nodes A and B, 

respectively, set the NAV length in its data frame to 

cover the remaining time used for data exchange 

after the header has been sent. Specifically, node A 

sets the NAV length in its data frame to 

 

TNAV(A, DATA) = TNAV(R, CO-PNC ) –TSIFS-

TPHY-HD-TMAC-Hd                                                                (7)    

And node B sets the NAV length in its data frame to 

 

TNAV(B, DATA) = TNAV(R, CO-PNC ) –2TSIFS-

TPHY-HD-TMAC-Hd -TDATA                                               (8)                    

 

Queuing and Relay Selection:        

 First-in, first-out (FIFO) queuing is widely used 

in communication networks, which is simple method 

of maintaining fairness among packets. At a sender 

with a FIFO queue, packets are sent on a first-come, 

first-served (FCFS) basis, i.e., the packets that arrive 

earlier at the queue are sent earlier. In DMAC, we 

also intend to send packets on the FCFS basis. 

However, packet exchange with PNC is initiated by 

the relay, and not the source node. Therefore, we 

need to develop a specific queuing method for 

DMAC, so that nodes can determine which packet 

should be sent. Meanwhile, the proposed DMAC 

protocol concurrently supports PNC, CNC, and 

conventional relaying schemes. Hence, we also need 

to develop a scheme to select the appropriate 

relaying method.   In PNC-MAC, each node manages 

two sender queues, which we, respectively, refer to 

as actual queue and virtual queue. 

 

Fields in Actual Queue: 

 The actual queue stores the actual data packets 

that remain to be sent by the node, as in conventional 

communication networks. Each element in the actual 

queue contains the following fields. 

1. Data Packet, including its next and second hop 

addresses, which can be obtained from routing 

information 

2. Time for which the packet has remained in the 

queue denoted by Tq(p) 

3. Time for which the packet has remained in the 

queue of the packet’s previous hop denoted by Tq-

prev(p) 

 

Fields in Virtual Queue: 

 The actual queue does not store the actual data 

packets. It stores virtual data packets which contain 

some essential information of the packets in the 

actual queue of the nodes’s neighbours. Each 

element in the actual queue contains the following 

fields. 

1. Virtual Data Packet, including i) previous hop 

i.e., the node which currently has the corresponding 

actual packet in its actual queue ii) next hop i.e.,the 

second hop of the corresponding actual packet iii) 

Length of the packet 

2. Time for which the corresponding actual  packet 

has remained in the actual queue of the packet’s 

previous hop denoted by Tvp-prev(Pv) 

  

Rules for Actual and Virtual Queue:  

 To avoid unnecessary memory occupation, 

information of only a small subset of the packets in 

the actual queue of the node’s neighbors is stored in 

the virtual queue. We have the following rules that 

connect the virtual queue of the node (e.g., R) with 

the actual queue of the node’s neighbor (e.g., A). 

Rule 1: All  the  virtual  packets  in  the  virtual  

queue  of node R correspond to the packets in the 

actual queue of node A whose  next hop is R, i.e., 

only information on packets that are expected to be 

sent to node R is stored in the virtual queue of node 

R. 

Rule  2:  At  most  one  virtual  packet  with  a  

specific previous hop (node A) and a specific next  

hop  (e.g., node B) is stored in the virtual queue of 

node R. 

Rule 3: The virtual packet (with previous hop A and 

next hop B) that is stored in the virtual queue of node 

R corresponds to the first packet in the actual queue 

of node A with next hop R and second hop B. 

Rule 4: PNC will be initiated if there exists a packet 

Pv  in the virtual queue and the following condition 

is  satisfied. 

Tvp-prev(pv) ≥ Tq(p) + Tq-prev(p) 

 If there are more than one packet in the virtual 

queue that satisfies above condition, the packet at the 

front of the virtual queue is considered first to 

achieve fairness among nodes.  

   

Exchanging Queue information: 

 Information  on  packets  in  the  node’s  actual  

queue  is transferred to the node’s neighbors in the 

data and ACK frames,  so  that  the  neighboring  

nodes  can  update  their virtual queue. The data 
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frame carries information of the next packet, which 

has the same next hop and second hop as the data 

frame itself, in the actual queue. The same set of 

information as in each element of the virtual queue is 

contained as additional control information in the 

data frame. If the data frame has no second hop, the 

fields carrying information of the next packet are 

invalid. If there is no other packet in the queue with 

the same next and second hops, the length of the next 

packet is set to zero. The actual queue stores the time 

the packet has remained in the queue of its previous 

hop. Hence, the data frame also contains the time for 

which the packet itself has remained in the queue.  

 After successfully receiving a data packet, the 

receiver sends ACK frame carrying information of 

the next packet in the actual queue with the same 

next and second hops as the received data packet (the 

next and second hops are already updated by the 

receiver). The purpose of this setting is to update the 

virtual queue of the next hop (and hence, not the 

node that is being acknowledged) of the received 

packet. After updating the virtual queue, the next hop 

may initiate a PNC transmission if it finds it 

appropriate. 

 

Proposed Algorithm: 

 The algorithm for selecting the packet to 

transmit and the relaying method of the 

corresponding packet is given below. 

Step 1: Find the first packet p in the actual queue. 

Step 2: Check whether it is waiting for PNC 

scheduling. 

Step 3: If no, then Rule 4 is checked for packets in 

the virtual queue. If there is a packet in the virtual 

queue for which Rule 4 is satisfied, PNC is 

requested. 

Step4: Otherwise, the packet p is sent. If there is 

coding opportunity, p is sent with CNC.  

Otherwise, it is sent as a regular packet. 

 

Algorithm: 

1. Assume initially PNC= OFF 

2. Let p= Front packet of actual queue 

3. if (p waits for PNC) then 

    Next packet=p 

end 

4. Let Pv = Front packet of virtual queue 

5. while (Tvp-prev(pv) ≥ Tq(p) + Tq-prev(p)) 

    Next packet=pv 

end while 

6. if PNC=ON 

    schedule to request PNC to send the actual packets 

corresponding to pv 

elseif 

      if packets that can be encoded with p exist in 

queue 

          Encode p with the corresponding packets 

          Schedule to send the coded packet 

     else  

          Schedule to send p 

     end if 

endif 

7. Repeat steps 1 to 6 

 

Algortm1: Selection of packets for Transmission 

 

  After a node has been initialized, it enters the 

idle state. When either the actual or the virtual queue 

is updated, Algorithm 1 is run, to select the packet to 

transmit and its relaying method. If transmission 

(including PNC, CNC or conventional transmission 

schemes) is scheduled in Algorithm 1, the node 

enters the packet pending state, to contend for 

channel access. Otherwise, the node returns to the 

idle state. In both of the idle and the packet pending 

states, when a frame is received, which carries 

information for updating the virtual queue or the 

wait-for-PNC flag, the corresponding updates are 

performed, and  afterwards, the node returns to the 

state before receiving the frame. In the packet 

pending state, when the node obtains channel access, 

it starts the transmission process.  

 When the transmission is successful, the node 

returns to the idle state and checks for new 

transmissions by running Algorithm 1. If a 

transmission is successful, either the actual or the 

virtual queue will be updated. A PNC transmission is 

regarded as successful if at least one node has 

successfully received a packet. This corresponds to 

the case where only one source node transmits a 

packet and the relay has successfully received it, or 

where two source nodes transmit packets and atleast 

one packet is received by the destination. 

 When the transmission is unsuccessful, the node 

returns to the packet pending state, to retry to send 

the pending packet. When the maximum retry time 

has been reached, the node flushes the pending 

packet from the queue (when using PNC, both 

pending virtual packets are flushed from the virtual 

queue) and returns to the idle state. The relaying 

method selection scheme is a distributed solution to 

selecting appropriate relay nodes in a multihop 

wireless network which supports PNC. With the 

proposed scheme, each node judges itself whether it 

should act as a relay and perform PNC, according to 

the queue statuses. 

 

Results and Discussion 

 

 To evaluate the performance of proposed 

DMAC protocol over IEEE 802.11 simulation is 

carried out in NS-2 simulator. The parameters used 

for simulation are listed in Table.1. 
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Table 1: Simulation parameters. 

Number of Nodes 40 

Topology size 500mx500m 

Physical Layer Data Rate 1Mbps 

Transmission power 3dB 

Background noise density -174 dBm/Hz 

Communication Range 250m 

Packet Size 1000 bytes 

Actual Queue size 50 packets 

Virtual Queue size 50 packets 

CCA Sensitivity -100dBm 

 

Simulation Parameters: 

1. Packet delivery ratio   

 It is the ratio of the data packets delivered to the 

destinations to those generated by the sources. 

 

2. End to end delay: 

 This is the ratio of the interval between the first 

and second packet to total packet delivery. 

 

3. Throughput: 

 The throughput metric measures how well the 

network can constantly provide data to the sink. 

Throughput is the number of packet arriving at the 

sink per ms. 

 

Simulation results: 

 

 The snapshot of the simulation environment is 

shown in Fig.2

 

 
 

Fig. 2: A snapshot of the simulation environment. 

 

 
 

Fig. 3: Throughput versus Number of Nodes. 
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 Fig.3 shows the comparison of throughput of 

proposed DMAC protocol over existing IEEE 802.11 

protocol for different number of nodes. The result 

shows DMAC performs well with a average 

throughput gain of about 28% than IEEE 802.11. 

  

 
 

Fig. 4: Packet Delivery Ratio versus Number of Nodes. 

 

 Fig.4 shows the comparison of Packet Delivery 

Ratio of proposed DMAC protocol over existing 

IEEE 802.11 protocol for different number of nodes. 

The result shows Packet delivery Ratio of DMAC 

protocol is much better than IEEE 802.11. 

 

 
 

Fig. 5: Delay versus Number of Nodes. 

 

 Fig.5 shows the comparison of End to End 

Delay of proposed DMAC protocol over existing 

IEEE 802.11 protocol for different number of nodes. 

The result shows Delay experienced by DMAC 

protocol is much less than that of IEEE 802.11. 

 

Conclusion: 

 In this paper, we have proposed the DMAC 

protocol, which extends the IEEE 802.11 MAC 

protocol to support PNC. With DMAC, the node 

decides whether PNC or conventional transmission 

should be initiated, according to its actual and virtual 

queues. A PNC transmission is initiated by the relay, 

which also acts as a coordinator that coordinates the 

whole packet exchange process. The simulation 

results show that the proposed DMAC protocol 

brings throughput improvement in various scenarios 

compared with the protocols that do not support 

PNC, while maintaining a minimal delay. It follows 

that DMAC is beneficial for throughput- sensitive 

applications of wireless networks. 

 We have considered a network with bidirectional 

flows in this paper. Scenarios with unidirectional 

flows and the support of opportunistic listening for 

PNC are also worth investigating in the future. In 

order to support opportunistic listening, the protocol 
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may need to estimate the channel status and predict 

future channel conditions, because the source and 

destination nodes do not overlap. It is also interesting 

to investigate the possibility of combining PNC- 

MAC with MAC protocols that support SIC, to 

improve the performance when unidirectional flows 

exist. 
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