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SUMMARY

This paper presents an analytical approach to model the bi-directional multi-channel IEEE 802.11 MAC
protocols (Bi-MCMAC) for ad hoc networks. Extensive simulation work has been done for the performance
evaluation of IEEE 802.11 MAC protocols. Since simulation has several limitations, this work is primarily
based on the analytical approach. The objective of this paper is to show analytically the performance
advantages of Bi-MCMAC protocol over the classical IEEE 802.11 MAC protocol. The distributed
coordination function (DCF) mode of medium access control (MAC) is considered in the modeling.
Two different channel scheduling strategies, namely, random channel selection and fastest channel first
selection strategy are also presented in the presence of multiple channels with different transmission rates.
M/G/1 queue is used to model the protocols, and stochastic reward nets (SRNs) are employed as a
modeling technique as it readily captures the synchronization between events in the DCF mode of access.
The average system throughput, mean delay, and server utilization of each MAC protocol are evaluated
using the SRN formalism. We also validate our analytical model by comparison with simulation results.
The results obtained through the analytical modeling approach illustrate the performance advantages of
Bi-MCMAC protocols with the fastest channel first scheduling strategy over the classical IEEE 802.11
protocol for TCP traffic in wireless ad hoc networks. Copyright � 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

IEEE 802.11 [1] is a set of standards for carrying out wireless local area network (WLAN)
computer communication in the 2.4 and 5GHz frequency bands. The standard defines the physical
(PHY) layer specifications for wireless transmission, as well as the Medium Access Control (MAC)
protocols applied to regulate access to the shared wireless channel. The IEEE 802.11 standard
is widely exploited by a broad range of wireless communication devices. In the recent years,
IEEE 802.11 WLAN has been widely deployed in universities, offices, airports and other public
places. The 802.11 specification supports two fundamentally different MAC schemes, namely the
distributed coordination function, DCF, and the point coordination function, PCF. DCF is designed
to support asynchronous data transport, where all users have an equal chance of accessing the
network. PCF is designed for the transmission of delay-sensitive data and uses a central access
point. In this paper, we will concentrate on DCF and the ad hoc mode of operation with no access
point. Many studies have been conducted for the performance evaluation of IEEE 802.11 MAC
protocols in DCF mode [2–5].

The classical IEEE 802.11 MAC protocol considers a single shared channel. Nevertheless,
multiple channels can be used. For example, in the widely deployed IEEE 802.11b standard,
three non-overlapping channels can be used simultaneously. Multi-channel MAC protocols are
receiving greater attention recently, particularly for wireless ad hoc networks as using multiple
channels at the physical layer allows multiple nodes to transmit and receive data concurrently,
without interfering with each other. Several multi-channel MAC (MCMAC) protocols have been
proposed to improve the overall ad hoc network performance [6–8] and to meet the ever increasing
throughput demands of applications. These approaches can be classified into different categories,
depending on the channel assignment strategy and the availability of multiple wireless radios.
Most approaches dedicate one channel for control packets, and use the remaining channels for data
packets, whereas some approaches treat all channels identically. So and Vaidya [9] studied a multi-
channel MAC protocol with a dedicated control channel. Ramachandran et al. [10] considered a
centralized channel assignment algorithm.

Extensive research has been carried out on the performance evaluation of IEEE 802.11 protocol
based on simulation [11–13]. However, simulation techniques have their own drawbacks. Simu-
lation models can become intractable, computationally intensive, specific to parameters chosen,
and difficult to be re-used by other researchers. This facilitates the need to develop an analyt-
ical model which is mathematically tractable, less time consuming and can be re-used by other
researchers. Few analytical approaches are also available in the literature that models the IEEE
802.11 protocol using the discrete time Markov chain (DTMC). Bianchi in [2] have presented
a simple analytical model based on the DTMC to compute the saturation throughput perfor-
mance of the 802.11 DCF. In [4], a 3-D Markov chain model is proposed to derive the saturation
throughput of IEEE 802.11 DCF in multi-hop networks. Cao et al. in [14] created a 2-D Markov
chain model to characterize the 802.11 DCF system instability. But continuous time Markov chain
(CTMC) is not used so far for the same to the best of our knowledge. Hence, this motivates us
to develop an analytical model based on CTMC to model the multi-channel bidirectional IEEE
802.11 MAC protocol. A stochastic reward net (SRN)-based analytical model is presented in [5]
for the performance analysis of IEEE 802.11 DCF, and the non-Markovian M/G/1 concept is
used for the first time. Our paper extends this prior work and uses the M/G/1 concept to model
the IEEE 802.11 Bidirectional Multi-Channel MAC (Bi-MCMAC) protocol proposed by Kuang
et al. [7, 15], and study the performance advantages of its two features, namely bidirectional
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channel reservation for TCP traffic, and multi-channel operation, over the classical IEEE 802.11
protocol.

In this paper, we present an analytical framework for evaluating multi-channel MAC protocols
using M/G/1 queue. To model the dynamics of the protocol and to obtain the performance
measures, we applied SRN modeling technique that is an extension of stochastic Petri nets (SPN)
[16]. This technique has proven to be a popular tool for modeling and performance analysis of
complex discrete-event stochastic systems. And due to the availability of user-friendly software
packages with graphical interfaces the development, modification, and quantitative evaluation of
these SRNs is easier and less error-prone than, e.g. using a simulation language. We use SRN
modeling technique as it allows for the concise specification of the system, and provide a convenient
framework for generating the underlying stochastic process that governs the system’s behavior.
This stochastic process is then further analyzed using known techniques such as Markov chain
because of the equivalence between SRN and CTMC models [17]. However, depending on the
number of places in the SRN model, the state space of the underlying CTMC can become very
large. Solving the CTMC would therefore be very complex and tedious. Nevertheless, solving
the underlying CTMC of an SRN model can be automated using several software tools such as
SHARPE [18], TimeNET [19], SPNica [20], etc. We, therefore, have used SHARPE software tool
for simplifying the model analysis.

The main objective of this paper is to show how the use of multiple channels along with the
bidirectional channel reservation policy enhances the performance of ad hoc networks based on
IEEE 802.11 MAC protocol using analytical modeling. We model each station as an M/G/1 queue
to get the average system throughput and mean delay. The DCF operation is applied to the first
packet at head of line (HoL) at every station, and rest of the buffer is then modeled as M/G/1 queue.
The performance measures are then obtained by applying the SRN modeling. We also present
two different channel scheduling policies [21] that can be applied in the presence of heterogenous
multiple channels, which further improves the performance of ad hoc networks. Consequently,
there are four different SRN models presented in this paper. The first model is based on the
classical IEEE 802.11 MAC protocol. This serves as a baseline for performance comparison. The
second model considers multiple channels with the bidirectional channel reservation concept, while
the third and fourth models combine both these features along with different channel scheduling
policies. The model analysis indicates the feasibility of our analytical approach.

The remainder of the paper is organized as follows. Section 2 provides the background infor-
mation on the existing IEEE 802.11 MAC protocols and the Bi-MCMAC protocol. Section 3
describes the analytical modeling for the protocols, presenting four SRN models. The performance
measures are described in Section 4. The numerical results illustrating the practical applicability
of the analytical models and model validation via simulation are presented in Section 5. Finally,
concluding remarks and future work are presented in Section 6.

2. IEEE 802.11 MAC PROTOCOLS

2.1. Classical IEEE 802.11 MAC protocol

The default IEEE 802.11b MAC protocol is DCF. It is the fundamental MAC technique of the IEEE
802.11 wireless LAN standard. This protocol allows multiple stations to contend for a wireless
channel, sharing it in a fair fashion with at most one station transmitting a (successful) frame on
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the channel at a time. It is a random access scheme based on the Carrier Sense Multiple Access
with Collision Avoidance protocol (CSMA/CA). Countdown timers and exponential back-off are
used in DCF mode to minimize the number of collisions occurring on the network from concurrent
frame transmissions. A well-known problem related to the limited carrier sensing range is the
hidden node problem. Nodes beyond the carrier sensing range of each other may try to send a
frame to the same destination at the same time, causing excessive collisions at the receiver’s end.
The classical IEEE 802.11 protocol uses ‘virtual carrier sensing’ to overcome this problem.

DCF has two operating modes: the basic channel access mode and the RTS/CTS (Request-
to-Send/Clear-To-Send) mode. In this paper, we consider the RTS/CTS mode of operation. The
RTS/CTS mechanism works as follows. A source node that wants to transmit a frame reserves the
channel by exchanging RTS/CTS messages with the target destination node. When a node wants
to send packets, it first sends a short RTS request to the receiver node. If the channel is available
for use, the receiver replies by sending a short CTS response, which allows the frame transmission
to begin. If the channel is busy, no CTS is sent, and the data frame transmission is deferred, thus
avoiding a collision. The RTS can be retransmitted, if needed, to elicit a CTS response when
the channel becomes available. The RTS and CTS packets include the expected time duration for
which the channel will be in use for data transmission. Other nodes that overhear these packets
must defer their transmission for the duration specified in the RTS/CTS packets. For this reason,
each node maintains a variable called the Network Allocation Vector (NAV) that records the busy
time duration for the channel. This NAV effectively reserves the spatial area around the sender
and receiver for frame transmission.

2.2. Bidirectional multi-channel MAC protocols

An MCMAC protocol extends the IEEE 802.11 MAC to use multiple physical-layer channels.
With more than one channel, throughput gains are possible by allowing multiple transmissions
to occur simultaneously. Because these simultaneous transmissions occur on different wireless
channels, frame collisions are reduced. In an MCMAC protocol, two steps are needed prior to data
transmission. First, a channel negotiation procedure must determine which channel is to be used
for a transmission between two nodes. Second, a channel reservation procedure must notify other
nodes regarding how long the chosen channel is reserved for this transmission episode.

The Bi-MCMAC protocol [15] has been proposed as an extension of the IEEE 802.11 MAC
protocol. This protocol improves the TCP performance in multi-hop wireless ad hoc networks and
also reduces the link-layer contention using two key ideas:

• The protocol extends the RTS/CTS handshake to do bidirectional channel reservations.
By scheduling a bidirectional data transfer with a single RTS/CTS handshake, the contention
between TCP data and ACK packets is reduced.

• The protocol uses multiple transmission channels, say K channels, at the physical layer.
One of the K channels (K>1) is a control channel, while the other K−1 are data channels.
By using multiple channels, the contention distance of the protocol is decreased, resulting in
an improved TCP throughput in multi-hop networks.

The Bi-MCMAC protocol uses a single control channel, and multiple data channels. Each data
transfer has a control phase and a data exchange phase. In the control phase, control frames are
exchanged between the communicating nodes on the control channel to negotiate the data channel
to be used, as well as to indicate the channel reservation time. Upon hearing the control frames,
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other nodes employ virtual carrier sensing to determine data channel reservation information.
After the control phase, both the sender and the receiver tune to the chosen data channel, and the
data exchange phase begins. In the data exchange phase, the sender sends a TCP packet to the
receiver using a wireless frame. If the frame is correctly received, the receiver sends a MAC-layer
acknowledgment back to the sender, piggybacked on a TCP packet (data or ACK) destined to that
node (if any). Both nodes return to the control channel after the data exchange phase, to start
another round, if desired.

In the following section, we develop separate analytical models for the classical RTS/CTS mode
of operation of the IEEE 802.11 MAC protocol, and the proposed Bi-MCMAC protocol using
SRN. These models capture the various aspects of both the protocols, which are discussed above.
Furthermore, we also propose two different channel scheduling policies that can be applied in the
presence of multiple channels with heterogenous rates, and also develop SRN models for them.

3. SRN MODELS

We model each station as an M/G/1 queue. The DCF operation is applied to the first packet at
the HoL of the buffer, and the subsequent packets in the buffer are modeled using M/G/1 queue.
The performance measures are obtained by applying the M/G/1 theory in the top level, and the
numerical results are obtained from the SRN models at the low level. In this section, we present the
four SRN models that are explained below in detail. For a detailed study on modeling with SRN,
the readers are referred to [16–18]. The SRN models are developed following the decomposition
approach [5], which says that the characteristics of the system can be captured by studying the
behavior of the reference station in detail, and the cumulative behavior of all the other stations, as
all the stations are independent and behave identically.

3.1. Model 1: IEEE 802.11b MAC

In this subsection, we develop the SRN model for the original IEEE 802.11 MAC protocol with
RTS/CTS mechanism. This model assumes a single shared channel for operation. The SRN model
for this protocol is illustrated in Figure 1. There are two main parts of this model. The upper
part of the model (the small dashed rectangle) represents the background traffic activity generated
by N ambient nodes in the ad hoc network, i.e. it captures the cumulative behavior of all the
other stations. The lower part of the model (the large dashed rectangle) represents the foreground
traffic activity (i.e. the movement of TCP data packets and TCP acknowledgements) between two
representative nodes i and j in the network, i.e. it captures the behavior of the reference station
in detail. The three circles in the gap between the two rectangles represent the TCP sender i (on
the left), the TCP receiver j (on the right), and the shared wireless channel (in the middle). The
places, timed transitions, and immediate transitions associated with all the four SRN models are
listed in Tables I–III, respectively.

Note that the SRN model assumes exponentially distributed firing times for all the timed transi-
tions, although some events in the SRNmodel might be deterministic (e.g. RTS, CTS, MAC−ACK)
rather than random (e.g. packet inter-arrival time, background traffic). This assumption is made to
facilitate SRN modeling. We first discuss the foreground traffic activity, by considering the trans-
mission of a TCP data packet from node i to node j . The firing of the timed transition TTCP_data
represents the generation of a new TCP data packet at node i . The firing time of TTCP_data is
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Figure 1. SRN Model for IEEE 802.11 MAC.

exponentially distributed with parameter �. A token in the place Pdata represents the presence of
a data packet. It is observed that the DCF operations apply only to packets that are at the HoL
of the buffer at each station. Hence, it is sufficient to model the DCF operations of the HoL
packets at all stations. Hence, an inhibitor arc with multiplicity 1 is added between place Pdata
and transition TTCP_data. A token in the place Pnode_i represents that node i is ready to send an
RTS frame when there is at least one token in the place Pdata. Before the actual transmission of
the data packet, node i and node j must perform an RTS/CTS handshake. For this purpose, node
i sends an RTS frame. This is represented by the firing of the timed transition TRTS. The firing
time of TRTS is exponentially distributed with parameter �r . Node i cannot send an RTS frame for
the next data packet until the transmission of the previous data packet is completed. That is, node
i must receive the CTS frame from node j in response to the RTS frame before sending the next
RTS frame. Also, it must receive MAC−ACK or MAC−TCP−ACK from node j indicating that
the transmission of the data packet is complete. These are ensured by the inhibitor arcs from the
places PCTS, PMAC_ACK, PMAC_TCP_ACK, and Pdata_trans to the timed transition TRTS.
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Table I. List of places in SRN models.

Place Meaning

Pnode_i State of node i
Pnode_ j State of node j
Pchan State of the channel
Pcon_chan State of control channel
Pdata_chan State of data channel
Pdata Packet arrive at node i
Pdata1 State of data channel 1
Pdata2 State of data channel 2
Pdata3 State of data channel 3
PCTS Node j is ready to send CTS
PCTS_CRN Node j is ready to send CTS and CRN
Pdata_trans Packet is ready to be transmitted
PACK Node j is ready to send ACK
PMAC_ACK Node j has only MAC ACK
Pnon_bidirec Node j has only MAC ACK
Pcreate_TCP_ACK Start creating the TCP ACK in higher layer
Pprev_TCP_ACK Node j has some previous TCP ACKs
PMAC_TCP_ACK Node j has both MAC and TCP ACK
Pbidirec Node j has both MAC and TCP ACKs
PMAC_TCP_data MAC and TCP ACKs are ready to be send as data packet
Pno_prev_TCP_ACK No previous TCP ACK at node j
Pcounter Keeps track of the data channel being used
Preturn Releases data channel after completion of packet transmission
Poth_data Packets arrive at other nodes
Poth_CTS One of the other nodes is ready to send CTS
Poth_CTS_CRN One of the other nodes is ready to send CTS and CRN
Poth_data_trans Packet is ready to be transmitted

A token in the place Pchannel represents that the (single) shared wireless channel is available for
frame transmission. Once the channel is available, node j replies to the RTS frame by sending a
CTS frame. A token in the place PCTS represents that a CTS frame is ready to be sent. The firing
of the timed transition TCTS represents node j sending a CTS frame. However, if the channel is
not available, then node j does not reply with a CTS. The firing of the timed transition Tno_CTS
represents this case. The inhibitor arc from Pchannel to Tno_CTS ensures that node j cannot send a
CTS frame if the channel is unavailable. Note that we do not consider back-off in our model. The
firing of TCTS deposits a token in the place Pdata_trans, which represents that node i is now ready
to send a data packet. The firing of the timed transition Tdata_trans represents the transmission of
a data packet from node i to node j . After receiving the data packet, node j has to reply with an
ACK frame. A token in the place PACK represents that node j is ready to send an ACK frame.
Node j can send two types of ACKs to node i , namely MAC−ACK and TCP−ACK. First, the
MAC−ACK is created, then the TCP−ACK. If node j has only the MAC−ACK and no pending
TCP−ACK, then it sends only the MAC−ACK. However, if it has both a MAC−ACK and a
pending TCP−ACK, then it sends both these ACKs together to node i . When there is a token in
each of the places PACK and Pno_prev_TCP_ACK, the immediate transition t1 is enabled. A token
in the place Pno_prev_TCP_ACK represents that no previous TCP−ACK is available at node j . The
firing of t1 deposits a token in the place PMAC_ACK. A token in PMAC_ACK represents that node
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Table II. List of timed transitions in SRN models.

Transition Meaning Average time
(time duration) (rate−1)(�s)

TTCP_data Packet arrival at node i 1/�
TRTS Sending RTS by node i 362
TCTS Sending CTS by node j 314
TCTS_CRN Sending CTS and CRN by node j 654
Tno_CTS No channel is available 50×103

Tdata_trans Transmitting a packet 1303
Tdata_trans1 Transmitting a packet via data channel 1 1034
Tdata_trans2 Transmitting a packet via data channel 2 1303
Tdata_trans3 Transmitting a packet via data channel 3 1763
TMAC_ACK Sending MAC ACK 202
Tcreate_TCP_ACK Creating the TCP ACK in higher layer 0.1
TRTS_CTS Sending RTS by node i and CTS by node j 686
TMAC_TCP_ACK Time period to send MAC and TCP ACK 1515
Toth_TCP_data Packet arrival at other nodes (N−1)∗(1/�)
Toth_RTS Sending RTS by any one of the other nodes Refer Equation (1)
Toth_CTS Sending CTS by other nodes 314
Toth_CTS_CRN Sending CTS and CRN by other nodes 654
Toth_data_ACK Transmitting a packet and to receive ACKs 2818

ACK by other nodes
Toth_data_ACK1 Transmitting a packet and to receive ACK by 1801

other nodes through data channel 1
Toth_data_ACK2 Transmitting a packet and to receive ACK by 2817

other nodes through data channel 2
Toth_data_ACK3 Transmitting a packet and to receive ACK by 6451

Other nodes through data channel 3

Table III. List of immediate transitions in SRN models.

Transition Meaning

t1 Node j has only MAC ACK
t2 Node j has both MAC and TCP ACK
t3 Arrival of second TCP ACK at Node j
t4 Data channel 1 is released
t5 Data channel 2 is released
t6 Data channel 3 is released

j is ready to send a MAC−ACK. The firing of the timed transition TMAC_ACK represents node j
sending a MAC−ACK to node i . Node j sends only the MAC−ACK since there is no previous
TCP−ACK. The firing of TMAC−ACK also deposits tokens in the places Pnode_i , Pnode_ j , and
Pchannel, indicating that the data packet transmission from node i to node j is complete.
TCP−ACKs are created at node j . The firing of the timed transition Tcreate_TCP_ACK creates a

new TCP−ACK in the TCP layer and deposits a token in the place Pprev_TCP_ACK. A token in
the place Pprev_TCP_ACK represents a TCP−ACK available at node j , but not yet sent to node i .
Note that if the number of tokens in the place Pprev_TCP_ACK reaches 2, then the immediate
transition t3 is enabled, removing two tokens from Pprev_TCP_ACK and then depositing one token
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back in the same place. This ensures that only one token at a time is present at Pprev_TCP_ACK,
representing the latest TCP−ACK. This models TCP’s ‘delayed-ACK’ mechanism, wherein one
cumulative TCP−ACK is typically sent for every two data packets received. When there is a
token in each of the places Pprev_TCP_ACK and PACK, this enables the immediate transition t2. The
firing of t2 deposits a token in the place PMAC_TCP_ACK, which represents both a MAC−ACK and
TCP−ACK. When node j has a TCP−ACK, then it sends both MAC−ACK and TCP−ACK to
node i as a new data frame. For this, node i and node j again perform the RTS/CTS handshake.
The firing of the transition TRTS_CTS represents this handshake. A token in the place PMAC_TCP_data
represents this MAC−TCP−ACK as a data frame. The firing of the timed transition TMAC_TCP_ACK
represents node i receiving the MAC−TCP−ACK, and sending a MAC-layer ACK frame to node
j . The firing of this transition deposits tokens in the places Pnode_i , Pnode_ j , and Pchannel, indicating
that a data packet exchange between node i and node j is complete.

Next we discuss the background traffic part of the SRN model, which contends for the shared
wireless channel at random times. The background nodes operate independently from the fore-
ground nodes, although the shared wireless channel is used to serialize their frame transmissions. In
this part of the model, we consider the packet transmissions of (N−1) other nodes as if generated
from a single aggregate node. The firing of the timed transition Toth_TCP_data represents the gener-
ation of a TCP data packet at any one of the (N −1) other nodes. The firing time of Toth_TCP_data
is exponentially distributed with parameter (N−1)∗�. A token in the place Poth_data represents
a TCP data packet. Since we consider the DCF operations of the HoL packets only, an inhibitor
arc with multiplicity (N −1) is added between place Poth_data and transition Toth_TCP_data, where
N is the number of stations. The firing of the timed transition Toth_RTS represents one of the
(N−1) nodes sending an RTS frame, to perform the RTS/CTS handshake before transmitting the
data packet. The firing time of Toth_RTS is exponentially distributed. Its rate of firing is marking
dependent, and is given by:

�oth_r =
{
#(Poth_data)∗�r #(Poth_data)<(N −1)

(N−1)∗�r #(Poth_data)�(N −1)
(1)

The inhibitor arcs from the places Poth_CTS and Poth_data_trans to Toth_RTS ensure that the
sender cannot send the next RTS frame until it receives the CTS frame, and the prior data packet
transmission is complete. If the channel is available for transmission, then a receiving node replies
to the RTS frame with a CTS frame. The firing of the timed transition Toth_CTS represents a
receiving node sending a CTS frame to the sender. The input arcs to Toth_CTS from the places
Pnode_i and Pnode_ j ensure that node i and node j refrain from contending for the channel until
the data packet transmission by the background nodes is over. The firing of the timed transition
Toth_CTS deposits a token in the place Poth_data_trans, representing a data packet to be transmitted.
The firing of the timed transition Toth_data_ACK represents the transmission of the data packet,
followed by the ACK. The firing of this transition also deposit tokens in the places Pnode_i , Pnode_ j ,
and Pchan, indicating that a data packet exchange by the background nodes is complete.

3.2. Model 2: Bidirectional multi-channel MAC (Bi-MCMAC)

In this subsection, we develop the SRN model for the Bi-MCMAC protocol [15]. There are two
major differences between this model and the previous model, namely the bidirectional channel
reservation concept, and the presence of multiple wireless channels. The Bi-MCMAC extends
the MCMAC protocol to allow one data frame exchanged in each direction following a single
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RTS/CTS/CRN handshake. The extra control frame for Channel Reservation Notification (CRN)
is broadcast by the sender to advise neighbors of the channel selection and cumulative NAV
duration. Like the MCMAC Protocol, Bi-MCMAC uses K physical channels, with one used for
control, and the rest used as data channels. We use four channels (K =4) in our model: one is
a control channel used for the exchange of control frames, and the other three are homogeneous
data channels (i.e. same data rate) used for data packet transmission. Where it differs from the
MCMAC, however, is that during the data transmission phase, the two nodes have the option of
each transmitting a data frame, therefore providing a bi-directional frame exchange mechanism.
This approach improves the efficiency of TCP transfers, which require the movement of TCP
data packets and TCP ACK packets in opposite directions through the wireless ad hoc network.
Next we discuss the multi-channel concept in more detail. As discussed earlier, in this model, the
data transmission episode is divided into two phases: the control phase and the data exchange
phase. For these two procedures, control frames (RTS/CTS/CRN) are exchanged between the
communicating nodes on the control channel. Note that CRN is the new control frame added to
extend the RTS/CTS handshake. It contains the information about the data channel to be used
for a data packet transmission, and the channel reservation duration. Once the control phase is
over, the data exchange phase begins, in which the transmission of the data packet takes place on
the chosen data channel between the two communicating nodes. After hearing the CRN frame,
other nodes know to avoid the specified data channel, but they are free to compete for the control
channel. These nodes do not have to refrain from contending for the control channel for the whole
duration of data transmission procedure, unlike the previous model.

Figure 2 shows the SRN model for Bi-MCMAC. As in the previous model, there are foreground
and background traffic components. The places, timed transitions, and immediate transitions asso-
ciated with the SRN are summarized in Tables I–III. As discussed earlier, we use exponentially
distributed timed transitions to represent not only the exponentially distributed intervals, but also
to represent all the deterministic intervals, and the random intervals that are not exponentially
distributed.

The primary differences in this model are in the wireless channel representation between node
i and node j . In particular, the place for the control channel is separate from that for the data
channels. Furthermore, the place for the data channels can hold up to three tokens, representing
the multiple physical-layer channels available. The foreground traffic part of the model is similar
to that for the existing IEEE 802.11 MAC. When node i has a data packet for transmission, it first
sends an RTS frame. When both the control channel and at least one data channel are available,
node j sends a CTS frame in response to the RTS frame, which in turn is followed by a CRN
frame. This is represented by the enabling of the timed transition TCTS_CRN. The firing of this
transition also deposits a token in the place Pcon_chan, indicating that other nodes can compete for
the control channel once the RTS/CTS/CRN handshake is over. After the handshake, node i sends
the data packet to node j . After node j receives the data packet, it replies with an ACK frame
(MAC−ACK or TCP−ACK or both). If no previous TCP−ACK is available, then it sends only the
MAC−ACK. However, if it has a pending TCP−ACK packet, then it sends both the MAC−ACK
and TCP−ACK to node i . Meanwhile, new TCP−ACKs are created at node j . Note that, in this
model, node j sends this MAC−TCP−ACK as an ACK frame and not as a new data frame, hence
no additional RTS/CTS handshake is performed before sending the MAC−TCP−ACK. The data
exchange phase is over when node i receives the MAC−ACK or TCP−ACK (or both).

The background traffic operation is similar. As in the previous model, we consider the packet
transmissions of all the other N−1 nodes as if originating from a single aggregate node. If any one
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Figure 2. SRN Model for Bi-MCMAC.

of the N−1 nodes has a data packet for transmission, it first sends an RTS frame. If both the control
channel and a data channel are available, then the receiver node replies with a CTS/CRN frame.
Once the exchange of the control frame is over (i.e. the firing of the timed transition Toth_CTS_CRN),
other nodes can compete for the control channel. After the RTS/CTS/CRN handshake, the sender
node sends the data packet and the receiver node replies with an ACK frame. This indicates the
completion of the data exchange phase.

3.3. Channel scheduling strategies

In the foregoing multi-channel model, all the data channels are homogeneous (i.e. same data
transmission rate). As a result, nodes could use any of these data channels for transmission, and
a simple counter was sufficient in the SRN model to keep track of the number of available data
channels [7]. In this subsection, we extend the SRN model to consider heterogeneous data channels
(i.e. channels with different data transmission rates). As in the previous model, we use three data
channels at the physical layer, in addition to the control channel. We also consider the effect
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of channel scheduling strategies in this context. In particular, we consider two simple channel
scheduling strategies: a Random scheduling strategy that is equally likely to choose any of the
available data channels, and a Fastest-Channel-First strategy that explicitly chooses the fastest
channel that is available. Obviously, the Fastest-Channel-First strategy is expected to outperform
Random channel selection.

3.4. Model 3: Bi-MCMAC with random channel selection

Figure 3 shows the SRN model for Random channel selection.
The primary difference from the previous Bi-MCMAC is in the channel representation. In partic-

ular, each data channel now has its own place. (We have also moved the control channel place
from the left to the right. This cosmetic change reduces some of the line crossings.) Furthermore,
the control-flow pathways in both the foreground and background traffic have been replicated
threefold. This added complexity is required to keep track of which data channels are in use, so
that tokens can be returned to the correct place when data exchanges are complete. The rest of the
functioning is logically equivalent to the previous model.

3.5. Model 4: Bi-MCMAC with fastest-channel-first selection

Figure 4 shows the SRN model for Fastest-Channel-First selection. Here, we have three hetero-
geneous data channels with different transmission rates. We assume that these data channels are
numbered based on their transmission rates, with the fastest channel numbered as 1, and the slowest
channel numbered as 3.

First, we discuss the foreground part of the model. The model functions in the same way as the
earlier models. In this model, we have three heterogeneous data channels numbered as 1, 2, and 3,
and represented by the places, Pdata1 , Pdata2 , Pdata3 , respectively. Initially, all these three places have
one token each, representing that all the three data channels are available. Channel preferences are
achieved with inhibitor arcs from the place Pdata1 and Pdata2 to the timed transmissions TCTS_CRN2,
and TCTS_CRN3. Data channel 1 is used for packet transmission if it is available (irrespective of
the availability of data channels 2 and 3), since the timed transition TCTS_CRN1 is enabled. If
data channel 1 is busy, but data channel 2 is available, then data channel 2 is used for packet
transmission (regardless of the state of channel 3), since the timed transition TCTS_CRN2 is enabled.
If both data channels 1 and 2 are busy, then only data channel 3 is used for the packet transmission,
with the timed transition TCTS_CRN3 enabled.

After receiving a data packet, the receiver has to reply with an ACK frame. It sends MAC_ACK
and TCP_ACK to the sender. As soon as the sender receives these ACKs, the data channel used for
the packet transmission has to be released. For this, a token is to be deposited to the data channel
used for the transmission. Putting the token in the right place requires tracking which data channel
was used for the packet transmission. The place Pcounter is used for this purpose. This place can
have either 1, 2 or 3 tokens, to represent the data channel used. If data channel 1 is used, then the
firing of timed transition Tdata_trans1 deposits one token in the place Pcounter. Similarly, the firing
of the timed transition Tdata_trans2 deposits two tokens in Pcounter if data channel 2 is used, and the
firing of the timed transition Tdata_trans3 deposits three tokens in Pcounter if data channel 3 used.

The firing of the immediate transitions t4 deposits a token to data channel 1. Similarly, the firing
of t5 and t6 deposits a token to data channels 2 and 3, respectively. The transition to be fired (t4, t5,
or t6) depends on whether Pcounter has one, two or three tokens, respectively. Only one of these
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Figure 3. SRN model for heterogeneous Bi-MCMAC with random channel selection.
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Figure 4. SRN model for heterogeneous Bi-MCMAC with fastest channel selection.
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transitions is fired at a time and this is ensured by the guard functions g1, g2, and g3, which are
defined as follows:

g1 :�Pcounter=1 and �Preturn=1

g2 :�Pcounter=2 and �Preturn=1

g3 :�Pcounter=3 and �Preturn=1

The rest of the model functions as described previously.
Next, we discuss the background traffic part of the model. This also functions in the same way

as the previous models. The only difference is the channel preference. Data channel 1 is used
for packet transmission if it is available, irrespective of the availability of data channels 2 and 3.
If data channel 1 is busy, but data channel 2 is available, then data channel 2 is used even if data
channel 3 is also available at the same time. If both data channels 1 and 2 are busy, then only data
channel 3 is used. The inhibitor arc from the place Pdata1 to the timed transition Toth_CTS_CRN2

ensures that if data channel 1 is busy, then only data channel 2 is used. Similarly, the inhibitor arcs
from the places Pdata1 and Pdata2 to the timed transition Toth_CTS_CRN3 ensure that data channel 3
is used only when both data channels 1 and 2 are busy. The rest of the functioning is the same as
in the previous model.

4. PERFORMANCE METRICS

In this section, we discuss three performance measures, namely, average system throughput, mean
delay from node i to node j , and the server utilization.

(1) Average system throughput: We get the average system throughput at the SRN level as
follows: The software package SHARPE enables to obtain the average throughput of a
transition, which is defined as the average rate at which tokens are deposited by the transition
T in its output places. If Ŷ (t) is the average number of tokens deposited by the transition T
in all its output places up to time t , then the throughput �T of the transition T is defined as:

�T = lim
t→∞

Ŷ (t)

t

The average system throughput, � is given by

�=�Tdata_trans
+�Toth_data_ACK

where �Tdata_trans
gives the throughput of node i and �Toth_data_ACK

gives the throughput of
other nodes.

(2) Mean delay: The delay of a packet is defined as the time spent by a packet in the system
until it is successfully transmitted (i.e. the packet is received correctly by the destination
station, and the corresponding ACK is received correctly by the source station). The SRN
formulation provides the mean delay suffered by the packet at the HoL at every station. To
compute the mean delay of the subsequent packets at a station, we model each station as an
M/G/1 queue, with the mean service time to be the mean delay suffered by the HoL packet.
We get the mean delay at the SRN level as follows: The mean delay of the HoL packet of
each station, D̄HoL, is the sum of the mean packet holding time (�) and the sum of the mean
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delays undergone by the HoL packet at every stage of the DCF operation. This is obtained
by measuring the mean delay of the HoL packet at places Pdata and PCTS for model 1, and
at places Pdata and PCTS_CRN for models 2, 3, and 4 in the SRN. By associating unit reward
with all the markings, D̄HoL can then be obtained by using Little’s law as:

D̄HoL= �(Pdata)

�TTCP_data

+ �(PCTS)

�TRTS
+ 1

�
for model 1

where �=Average of firing times of (TCTS+Tdata_trans+TRTS_CTS+TMAC_ACK) and
(TCTS+Tdata_trans+TRTS_CTS+TMAC_TCP_ACK)

D̄HoL= �(Pdata)

�TTCP_data

+ �(PCTS_CRN)

�TRTS
+ 1

�
for models 2, 3 and 4

where �=Average of firing times of (TCTS_CRN+Tdata_trans+TMAC_ACK) and (TCTS+
Tdata_trans+TMAC_TCP_ACK)
The rest of the buffer at the reference station is modeled as an M/G/1 queue with mean
service time to be D̄HoL. The mean packet delay, D̄ can then be obtained by applying the
Pollackzek–Khinchine mean value formula [22] as

D̄= D̄HoL

[
1+ �

2(1−�)
(1+C2

D)

]

where �=�D̄HoL, and if the delay of the HoL packet is represented by the random vari-
able D, then

C2
D = E(D2)

D̄2
HoL

where

E(D2)= 2

(
�(PCTS)

�TRTS

)2

for model 1

E(D2)= 2

(
�(PCTS_CRN)

�TRTS

)2

for models 2, 3, and 4

The mean delay D̄ obtained above is the mean delay suffered by any packet in the system
because all the stations are independent and behave identically.

(3) Utilization: It is defined as the fraction of time, on average, that the server is busy. We get
the steady-state utilization at the SRN level as follows: Consider the place Pdata_chan
(equivalently, the places Pdatai ) in the SRN models. A token in this place indicates the
availability of the data channel for packet transmission. If this place is empty, it implies
that the data channel is busy in transmitting the packet. Therefore, the steady-state server
utilization can be obtained as

Server utilization=Steady-state probability that the place Pdata_chan is empty
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5. PRACTICAL INSIGHTS

In this section, we give numerical illustration to demonstrate how the proposed analytical models
are useful in studying the performance metrics for IEEE 802.11-based WLAN. For the purpose
of numerical illustration, we set the parameter values of several components of the analytical
model as follows: there are N =10 stations in the system and all are statistically independent and
behave identically. The arrival rate � is varied from 10 to 100 packets per second. For transition
rates of various timed transitions, refer to Table II. We have made comparisons between all
the four models in terms of the average system throughput, mean delay, and server utilization.
We present these measures as a function of virtual traffic load into the system in Erlangs, V ,
which is defined as V�N�L/B, where L is the mean packet size and B is the channel bit
rate. We also present the average system throughput and mean delay as a function of number of
stations, N .

5.1. Numerical results

Figure 5(a) presents the variation of average system throughput with respect to the increasing
packet size. This also serves as a validation for our model. Model 4 shows the best performance in
terms of the average system throughput, whereas model 1 presents the worst. The average system
throughput for Models 3 and 2 is in between. This is as expected. In addition, the average system
throughput goes up as the packet size increases.

Figure 5(b) shows the variation of the average system throughput versus virtual load. The
figure shows that Models 2, 3, and 4 perform better than Model 1, i.e. full Bi-MCMAC model
with multiple channels and bidirectional channel reservations gives better results than the single-
channel IEEE 802.11 MAC model. This improvement mainly comes from multiple channels, as
data packets can be simultaneously transferred on different data channels. Also, Model 4 with
the fastest channel scheduling achieves the best throughput performance, as expected. This comes
from two aspects. First, it is due to multiple channels, which effectively reduce packet collisions.
Second, always choosing the fastest channel available improves the overall system throughput.
Figure 5(c) presents the variation of mean delay versus virtual load. It is observed that mean delay
increases with increasing load. Also, delay in Models 2, 3, and 4 is less than that in Model 1
because of more data channels and the bidirectional concept. Overall, Model 4 has the lowest delay
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Figure 5. Average system throughput and mean delay versus packet size and virtual
load (N =10, L=512 Bytes, B=11Mbps).
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Figure 7. Server utilization versus virtual load and number of stations.

among all the four models. This clearly shows the advantage of the fastest channel scheduling
policy as well as the multiple channel concept.

Figure 6 shows the variation of average system throughput and mean delay with respect to the
increase in the number of stations. Figure 6(a) shows the variation of average system throughput
versus number of stations. It shows that the throughput initially increases on increasing the number
of stations, but it reaches a saturation level at some point. Moreover, the graph also shows that
Model 4 outperforms the other models. Figure 6(b) presents the variation of mean delay versus
number of stations. It is observed that initially mean delay increases with the increase in number
of stations, and then reaches a saturation level. In addition, the graph also shows that Model 4
gives the lower delay than the other models. Hence, this graph shows that there is no performance
advantage in terms of the average system throughput and mean delay after the number of stations
crosses a certain value. Note that the results of Model 3 and Model 4 are quite comparable because
of the fact that the two models are structurally similar with the only difference in the channel
selection strategy.

Figure 7 shows the variation of server utilization with virtual load and number of stations.
Figure 7(a) shows that as virtual load increases, the steady-state utilization of server also increases.
Similarly, Figure 7(b) shows that the server utilization increases with the increase in the number
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Figure 8. Comparison of analytical versus simulation results for Model 1
(N =10, L=512 Bytes, B=11Mbps).

of mobile stations. Moreover, it is observed from both the graphs that server utilization of Model 3
and 4 is more than that of Model 1. Again the reason lies in the use of multiple channels with
bidirectional concept.

In addition, it can be seen from the Figures 5 and 6 that the steady-state condition is reached
when number of stations reaches 10 with the chosen parameter values. This is reason for fixing
N =10 for the numerical analysis.

5.2. Model validation

We validate the proposed SRN model with simulation. The dynamics of the protocol is simulated
using MATLAB program [23]. The system parameters for simulation are set as shown in Table II.
The comparison between the analytical results and the simulation results for mean system delay
of Model 1 is presented in Figure 8. Owing to limited space, similar simulation results for other
models and other measures are not presented here. To check the accuracy of the simulation results,
we use t distribution test and obtained the confidence interval for 99% accuracy of the result.
In the figures, simulation results are plotted with 99% confidence interval.

As expected, mean delay increases with increase in virtual load. Moreover, it is observed from the
graph that the results from the proposed analytical approach and simulation are in good agreement.
Hence, this validates the analytical model.

6. CONCLUSION AND FUTURE WORK

This paper presents SRN-based analytical model for the classical IEEE 802.11 MAC and IEEE
802.11 Bi-MCMAC protocols for illustrating the performance advantages of the later. The protocols
are modeled using M/G/1 queue, and the model analysis is done at the SRN level. By making
suitable assumptions for the model (e.g. exponentially distributed times of RTS, CTS, MAC ACK,
etc.), these protocols can be modeled by a CTMC. Since the construction of an SRN model
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automatically generates the underlying CTMC, we get the performance measures from the SRN
at the modeling level, instead of solving the CTMC. This is the first time the M/G/1 concept is
used to model and compare the classical IEEE 802.11 protocol with the Bi-MCMAC protocol, to
the best of our knowledge. We present the analytical performance results for throughput, delay,
and utilization. The numerical results show that the bidirectional and multi-channel concepts of
the Bi-MCMAC protocol provide a distinct performance advantage over the classical IEEE 802.11
MAC. We also present two different channel scheduling policies, random channel selection and
fastest channel first selection, and numerical results show that it further enhances the throughput
performance of IEEE 802.11 based ad hoc networks. We validated our analysis by comparison
with simulations.

The proposed analytical model can be reproduced with minor modifications for computing
other measures such as fairness and loss probability. This updated model is solvable by using the
basic knowledge of probability. Therefore, the proposed analytical model is relevant for network
designers and researchers in the area of wireless networks.
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