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Abstract- Multi-channel MAC protocols can improve
the throughput of a wireless ad hoc network by allow-
ing multiple nodes to transmit concurrently on differ-
ent non-overlapping channels. Such protocols can use
dynamic channel selection schemes for reducing the
contention in each channel, leading to smaller number
of collisions, backoffs, and retransmissions. This pa-
per reviews several channel selection schemes used in
multi-channel MAC protocols and presents a new multi-
channel MAC that is based on maximizing the signal to
interference ratio at the receiver as well as minimizing
the interference caused to all other active receivers in the
vicinity of the sender. An implementation of this “co-
operative” channel selection technique is proposed em-
ploying receiver-initiated busy-tones and signal power
measurements at the sending and receiving nodes. Sim-
ulation based performance results are presented com-
paring the performances of several multi-channel MAC
protocols that are discussed in this paper.

I. INTRODUCTION

Wireless hosts in an ad hoc network typically share
a single common channel for communication. The
nodes rely on a random access MAC (medium ac-
cess control) protocol to gain access to the chan-
nel for transmitting their data packets. The MAC
protocol tries to reduce contention amongst neigh-
boring transmitters whose transmissions might in-
terfere with one another. This is implemented in
the IEEE 802.11 standard using a combination of
carrier sensing and random backoffs, known as
carrier-sense multiple access with collision avoid-

ance (CSMA/CA) [2]. To reduce the effect of hid-
den terminals, the IEEE 802.11 MAC also recom-
mends an option for an exchange of short control
packets, known as the “request-to-send” (RTS) and
“clear-to-send” (CTS) packets, before initiating a
data packet transmission. Although a successful ex-
change of RTS and CTS packets clears the stage for
data packet transmission between two nodes, these
packets must be sent on the same channel as data
and are vulnerable to collisions. This can result in a
significantly low throughput at heavy traffic condi-
tions.

One of the approaches for improving the through-
put in ad hoc networks is the use of multiple chan-
nels for data transmission [6], [5], [3], [7]. The
IEEE 802.11b physical layer specifications in the 2.4
GHz ISM band allows the use of 14 channels that
are spaced 5 MHz apart. Of these, at least 3 can
serve as independent 11 Mbps data channels. Sim-
ilarly, 802.11a provides 12 independent 54 Mbps
channels. Multi-channel MAC protocols may be de-
signed to utilize these resources to provide much
higher throughputs than that achievable using the
traditional single channel approach. The major chal-
lenge in designing such protocols is the channel se-
lection scheme which is the key factor for reducing
contention by optimally distributing packet trans-
missions over multiple channels.

In this paper, we explore the issue of dynamic chan-
nel selection when multiple orthogonal channels are
available for communications. We assume that each



node has only one half-duplex transceiver and the
MAC protocol is capable of dynamically selecting a
channel for transmitting each data packet based on
the current traffic conditions and channel usage in
the neighborhood. We present issues for channel
selection for improving the probability of success-
ful packet transmissions and review several multi-
channel MAC protocols that have been proposed
based on these issues. We then present a new multi-
channel MAC protocol that is based on minimizing
the interference at the receiver as well as to other
receivers that are active in the vicinity of the trans-
mitter. We show that this “cooperative” considera-
tion towards other receivers while maximizing the
probability of success at its intended destination im-
proves the overall throughput performance of the
network. We use computer simulations to evalu-
ate the performance of the proposed multi-channel
MAC protocol and compare it with other similar
protocols proposed in the past.

II. MOTIVATION FOR MULTI-CHANNEL MAC

We first discuss the possible benefits that may be ob-
tained from using multi-channel MAC protocols in
ad hoc networks. The IEEE 802.11 MAC defines a
distributed coordination function (DCF) for reducing
the probability of collisions amongst uncoordinated
transmitters sharing a single communications chan-
nel. The basic DCF uses a combination of carrier
sensing and random backoffs as follows. When a
data packet is to be transmitted, the sender first per-
forms physical carrier sensing to determine if the
channel is “free” for transmission. This is done by
comparing the power of the carrier signal to a pre-
determined carrier-sense threshold (TCS), a mecha-
nism known as Clear Channel Assessment (CCA). The
packet is transmitted if the channel is sensed to be
idle for a discrete interframe space (DIFS) period. If
this condition is not met, the node goes into a slotted
random backoff before transmitting the packet. This
allows multiple nodes in the same neighborhood to
avoid transmitting at the same time. However, the
CCA is only performed at the sender, where the
channel condition can be very different from that
at the receiver. This results in inefficiencies caused
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Fig. 1. Example showing the benefits of using multiple channels.

by the hidden terminal and exposed terminal problems
[9], which are the key factors affecting the chan-
nel utilization in wireless. To reduce these prob-
lems, 802.11 offers the additional option of exchang-
ing RTS and CTS packets before transmitting data.
If the RTS packet is received correctly, the receiver
acknowledges by sending a CTS packet back to the
sender, thereby performing the task of a “virtual car-
rier sensing” mechanism at the receiver. The RTS
and CTS packets also silence neighbors of the sender
and receiver, respectively, for the time required for
the ensuing data packet transmission. Hence, a suc-
cessful RTS-CTS exchange guarantees a high proba-
bility of success of the data packet. The RTS and CTS
packets can suffer collisions themselves, but since
they are much smaller than data packets, these colli-
sions are usually of smaller concern than that of data
packets. However, the additional overhead of RTS
and CTS transmissions can be significant if there are
a large number of RTS and CTS collisions and re-
transmissions attempts, such as under heavy traffic
conditions.

The key advantage of using multiple channels is that
multiple transmissions in the same neighborhood
can be distributed over different channels, leading
to lower contention and higher throughput due to
a potentially smaller number of backoffs, collisions,
and retransmissions. This is illustrated in Figure 1
where three pairs of nodes in a given neighborhood
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are trying to communicate at the same time. Con-
sider that the packet arrival times at nodes A, C, and
E are TA, TC , and TD, respectively. If all transmis-
sions are performed on a single channel, nodes C
and E will find the channel busy at the times of their
packet transmissions and have to backoff for ran-
dom time intervals before they are eventually trans-
mitted. On the other hand, if three channels are
available with each node capable of finding a free
channel for its transmission, there would be no need
for backoffs. Hence, the average channel utilization
and throughput in this scenario is better with three
channels instead of one, even if the same aggregate
channel capacity is used in both cases.

Here, we like to mention several points that concern
the efficiency of using multiple channels. Firstly,
when the number of transmitting nodes is higher
than the number of available channels, contention
and backoffs cannot be avoided. The performance
of using multiple channels in that case will depend
on how channels are selected. An efficient chan-
nel selection scheme can distribute the transmis-
sions over different channels and times to provide
a comparatively higher throughput than a scheme
using a single channel with the same overall band-
width. Secondly, when multiple channels are used,
the quality or clarity of transmissions will vary over
channels. This is particularly important in wire-
less where the quality of a transmission depends
on the signal to interference plus noise ratio (SINR)
at the receiver. Hence, multi-channel MAC proto-
cols can use channel selection schemes for achieving
desired levels of quality (such as specific QoS con-
straints) and simultaneously maximize the utiliza-
tion of the available bandwidth. Lastly, it should be
noted that if the same total aggregate bandwidth is
to be used for a multi-channel protocol, the band-
width gets reduced. This leads to higher packet
transmission times, which can cause a negative ef-
fect on the throughput if there are too many back-
offs in the multichannel scheme. The above factors
generate challenging issues for designing efficient
multi-channel MAC protocols for ad hoc networks.

III. RELATED WORK ON MUTLI-CHANNEL MAC
PROTOCOLS

Multi-channel MAC protocols have received consid-
erable amount of attention in recent years [4], [8], [6],
[5], [11], [3], [7]. Some of the earlier contributions on
this subject include the work in [4], which considers
that N nodes compete for one of M available chan-
nels in a fully connected wireless network. A chan-
nel is selected randomly from the set of free chan-
nels sensed at the transmitter. The HRMA protocol
presented in [8] proposes slow frequency-hopping
along with a mechanism for hop-reservation using
an exchange of RTS and CTS packets.

More recently, several multi-channel protocols with
dynamic channel selection were proposed in which
source nodes independently apply some criterion
for choosing the most appropriate channel for trans-
mitting their packets [6], [5], [11], [3]. Here, we
briefly review a few of these channel selections
schemes.

Soft reservation: In [6], it is proposed that each node
tries to use the same channel whenever possible,
switching to a different free channel otherwise. At
the time of transmitting a packet, the sender senses
the carrier on all data channels to determine the set
of free channels available. If its most recent packet
transmission was successful, and the channel used
to transmit that packet is currently free, then it se-
lects the same channel for transmitting the current
packet. Otherwise it selects a different channel ran-
domly from the set of free channels. This causes
each node to maintain a “soft” reservation of a chan-
nel for itself, thereby reducing contention with other
nodes transmitting on other channels. When the
number of active sender nodes in a given neighbor-
hood is greater than the cumber of channels avail-
able, some nodes will seek alternative channels lead-
ing to contention and backoffs. However, the av-
erage number of backoffs and collisions using this
scheme was found to be smaller than that using ran-
dom channel selection.

Clearest channel at the transmitter: The work in [5]
considers the interference power on all channels to
select the best channel. At the time of transmission,
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the sender measures the signal powers (level of the
carrier signal) on all channels and selects the chan-
nel that has the minimum carrier power. Here, the
intention is to transmit over the clearest channel so
as to achieve a high SINR at the receiver. Trans-
mission on this channel is expected to provide the
highest probability of success. The clearest channel
is also expected to be the one in which the near-
est transmitter is located at the farthest distance.
Hence, a transmission on this channel has the lowest
probability of affecting existing co-channel users as
well. However, a drawback of this scheme is that the
clearest channel is selected by measuring the signal
powers on the channels at the sender only, which
may not necessarily be the clearest channel at the
corresponding receiver.

Clearest channel at the receiver: The above two
protocols do not require the transmission of RTS
and CTS packets. By adding the RTS-CTS option,
the signal-power based channel selection idea pre-
sented in [5] was extended in [3] to select the clearest
channel at the receiver. A separate control channel
was used for the transmission of RTS and CTS pack-
ets. The sender sends its list of free channels to the
receiver over the RTS packet and the receiver selects
a channel from this list that has the lowest carrier
signal power at its own location. This information
is sent to the sender over the CTS packet. While all
nodes are required to monitor the control channel
for incoming RTS and CTS packets by default, they
switch to the selected data channel during transmis-
sion and reception of a data packet.

Negotiated channel selection: A dynamic chan-
nel selection algorithm based on negotiation with
other neighboring nodes that intend to transmit in
a given time window is proposed in [7]. This pro-
tocol uses periodic transmissions of special beacons
signals and the exchange of ad hoc traffic indication
messages (ATIM).

The use of a separate control channel for the ex-
change of RTS/CTS packets was also proposed in
[11], where the receiver selects a channel randomly
from the set of channels that are found free at the
sender as well as the receiver locations.
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tion schemes.

IV. MULTICHANNEL MAC PROTOCOL WITH
COOPERATIVE CHANNEL SELECTION

A. Design Objectives

Our current work is related to the protocols pre-
sented in [5] and [3], where channel selections were
based on carrier signal strength measurements. We
draw the motivation for this work by using the illus-
tration depicted in Figure 2. Here, nodes A, C, and
E are transmitting to B, D, and F on channels 1, 2,
3, respectively, when a new packet is to be transmit-
ted from S to R. Assuming that the wireless medium
is isotropic in this region, the received signal power
on any channel will vary inversely with respect to
(some exponent of) the distance from the transmit-
ter on the corresponding channel. Hence, noting
that dt1 < dt2 < dt3, the transmitter based clear-
est channel selection scheme (TxBCS) in [5] would
select channel 3 for the transmission from S to R.
However, since dr1 > dr3 > dr2, the channel that
would provide the minimum interference at R (and
hence the highest probability of success) is really
channel 1. This would be the selected channel using
the receiver based clearest channel selection scheme
(RBCS) proposed in [3], which is found to provide
a comparatively better average throughput perfor-
mance than TxBCS.

However, we point out an important issue regarding
the channel selection used in RBCS. Consider that A
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had been transmitting to B’ instead instead of B on
channel 1. Even then the RBCS protocol would se-
lect channel 1 for transmitting the new packet from
S to R, since it uses only signal strengths received
from the active transmitters. However, in this sce-
nario it is not a good idea for S to transmit on chan-
nel 1 as it would cause a significant amount of in-
terference to B’, which could possibly lead to loss
of the packet that it is receiving. Hence, although
RBCS guarantees the selection of the best channel
from the perspective of a new receiver, it overlooks
the problem that transmission on the chosen chan-
nel may not be appropriate for other receivers in the
vicinity of the sender.

The above example leads to the important conclu-
sion that the ideal channel selection scheme should
try to meet two objectives: (a) guarantee a high SINR
at the intended receiver, and (b) cause minimum in-
terference to other receivers in the vicinity of the
sender. While the first objective can be achieved by
sensing the carrier signal strength on all channels
at the receiver, the second goal cannot be achieved
easily if the sender is outside the range of active re-
ceivers in its vicinity (i.e. it did not receive their
CTS packets). Note that a transmitter can affect a
receiver’s performance even if it is located outside
the radio range, due to its incremental contribution
to the total interference at the receiver.

B. Implementation Issues

To implement the proposed cooperative feature, we
assume that each receiver transmits an out-of-band
busy tone on the channel in which it is receiving a
data packet. Transmission of busy-tones was origi-
nally proposed for a wireless network with base sta-
tions [9]. Later on, the protocols presented in [10],
[1] adapted the use of busy-tones for medium ac-
cess in ad hoc networks. As opposed to these pro-
tocols that use busy-tones to convey “busy/idle”
conditions of the channel only, we propose the use
of busy-tones in our multi-channel protocol to al-
low a sender to determine which of the free chan-
nels would cause the least interference to its neigh-
bors. The strength of a busy-tone heard at a trans-

mitter can be considered to be indicative of the in-
terference that it would cause to the receiver on
the corresponding data channel. This is based on
the assumption that the wireless channels are bidi-
rectional in nature. For instance, in the illustra-
tion shown in Figure 2, receiver initiated busy tones
would effectively allow S to estimate the amount of
interference it can cause to B or B’ on channel 1 even
though it is outside their radio range. In the follow-
ing, we present the details of the proposed multi-
channel MAC protocol that implements this idea,
which we call MMCCS (multi-channel MAC with
cooperative channel selection).

C. Protocol Description

For clarity, we first state the assumptions under
which we propose our multi-channel MAC proto-
col:

• There are N + 1 non-overlapping channels, of
which one is exclusively used for transmitting
the RTS and CTS packets (referred to as the
control channel) and the rest are used for data.
All the data channels have the same bandwidth
whereas the bandwidth of the control channel
is optimized for each value of N .

• N narrow-bandwidth tones are also imple-
mented, which are sufficiently separated in
spectrum so that they do not interfere with one
another as well as with the traffic channels.
Each tone operates as a busy-tone signal for a
specific data channel. The busy-tones consume
negligible bandwidth [9].

• The busy-tones and the carrier signals have the
same propagation characteristics (power and
range).

• Each node has a single half-duplex transceiver
which can be operated on any of the channels
for transmission and reception. The channel se-
lection scheme is implemented at the MAC.

• Whenever a node is receiving data, it transmits
the busy tone corresponding to the channel in
which it is receiving.

• Each node is capable of sensing the carrier
strengths on all the channels and also the
strengths of the busy tone signals, by sequen-
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tially scanning over them. The channel switch-
ing time is assumed to be small.

We now describe the proposed MMCCS protocol.
The following description illustrates the details of
MMCCS without elaborating on features that are
also used in 802.11:

1) When a node has a data packet to send, it first
transmits an RTS packet to the receiving node
in the control channel.

a) Before transmitting the RTS, the sender
builds a list of free data channels avail-
able for transmission. Free channels are
those for which the busy tone signals lie
below the carrier-sensing threshold. This
list is sorted in ascending order of the sig-
nal powers of the busy tones, and embed-
ded in the RTS packet.

b) If the free-channel list is empty i.e. the
free channel count is zero, the node ini-
tiates a backoff and re-attempts transmis-
sion of the RTS packet later.

c) Unlike 802.11, other nodes receiving the
RTS on the control channel defer their
transmissions (i.e. go “off the air”) only
until the duration of CTS and not until the
duration of ACK. This is because data and
ACK are transmitted on the data channel
and cannot interfere with other RTS/CTS
transmissions.

2) Upon successful reception of the RTS packet,
the receiver node creates its own free-channel
list by sensing the carrier signal on the data
channels. This list is also sorted in ascending
order of signal strengths.

a) If there are channels that are included in
the free-channel list sent by the sender as
well as that obtained at the receiver, the
receiver selects the best common channel
by going down the lists and selecting the
first channel that is common to both. In
case of a tie, the best channel from the re-
ceiver’s list gets preference. The receiver
then sends this channel information in the
CTS packet and switches to the chosen
data channel to receive the data. If it does
not receive the data within a certain pe-
riod, it reverts to idle mode and continues

monitoring the control channel.
b) If no common free channel is available,

the no CTS packet is sent.

3) If the sender receives a CTS packet, it veri-
fies that the selected channel is still free and
transmits the data packet on it. Thus, the data
is transmitted on a channel that is the clear-
est at the receiver as well as one that causes
least possible interference to active receivers
near the sender. The receiver node transmits
the busy tone signal corresponding to the se-
lected channel as long as it is receiving the data
packet.
If the transmitter does not receive a CTS packet
within a certain period of time, it enters a “no-
CTS backoff” and re-attempts transmission of
the RTS packet later.

4) There is no ”off the air” wait period for the
nodes that receive a CTS packet.

V. PERFORMANCE EVALUATION

In this section, we present results obtained from
computer simulations to evaluate the performance
of the proposed MMCCS protocol. We use the RF-
MACSIM simulator, which includes relevant de-
tails for modeling the IEEE 802.11 MAC and phys-
ical layer performance of wireless ad hoc networks.
We programmed RFMACSIM to simulate the addi-
tional features of TxBCS, RBCS and MMCCS multi-
channel MAC protocols. To evaluate the merits of
the channel selection scheme only, we assume that
the same aggregate bandwidth is used for all proto-
cols. Table I lists the parameters used in all MAC
implementations.

We considered two special optimizations in the
MMCCS MAC implementation. The first is the
bandwidth of the control channel, which was opti-
mized to maximize the average throughput for each
N . The second optimization concerns the minimum
window length used in the backoff algorithm. Due
to the differences in channel utilization for different
values of N , these parameters were found to affect
the performance of multi-channel MAC protocols
differently than the 802.11 MAC that uses a single
shared channel. Our findings indicate (not shown
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in this paper due to space limitations) that the min-
imum backoff window size needs to be higher for a
larger value of N . These findings are in agreement
to that done in [11].

TABLE I
PARAMETER VALUES USED IN SIMULATIONS

Parameter Values used
Carrier sense threshold -90 dBm
Noise floor -110 dBm
Minimum SIR 10 dB
Data packet size 1000 bytes
Total bandwidth 1 Mb/sec

A. Special Case

We first consider a special scenario that is designed
to highlight the advantages of the channel selection
scheme used in the proposed MMCCS protocol. We
compare the performance of MMCCS in this sce-
nario with that of RBCS only, which is the multi-
channel MAC that is the most similar to MMCCS.
The scenario, depicted in Figure 3, consists of 5 pairs
of communicating nodes (T1-R1, T2-R2, T3-R3, T4-
R4, and T5-R5) where all the receivers are located
at the far ends of the radio transmission ranges of
their respective senders. Moreover, each receiver is
located close to at least one of the other senders in
the network. This scenario depicts a situation where
the SINR at all receivers are heavily dependent on
the transmissions from the other senders, and there
is also a high probability of missing their RTS or CTS
packets. For instance, R1 is outside the ranges of T4,
R4, T5, and R5, although T1 is close to R4 as well as
R5. Hence, if T1 misses the CTS packets from R4 or
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R5, it might choose the same channel as that used
by T4 or T5 and cause a packet collision. In other
words, this scenario heightens the risks of wrong
channel selection.

The throughput performance of MMCCS and RBCS
using N = 2 in this scenario are plotted in Figure 4.
It is observed that MMCCS performs much better
than RBCS, with its aggregate throughput exceed-
ing more than 5 times as much as that achieved us-
ing RBCS at heavy traffic loads. The correspond-
ing packet counts at offered load of 125.5 KB/s are
shown in Figure 5, which depicts that for the same
number of generated packets, MMCCS achieves a
smaller number of collision in comparison to RBCS.
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B. Performance in a Grid Network

We next evaluate the average throughput in an ad
hoc network consisting of 225 nodes that are placed
in a 15 × 15 uniform grid with a grid spacing of
150 m. The transmission range obtained with the
parameters specified in Table 1 resulted in a maxi-
mum of 44 neighbors per node in this network. We
consider that data packets are generated according
to independent Poisson processes at all nodes. The
destination for each packet is chosen randomly from
one of the neighbors of the sender. Average through-
puts were obtained for N = 4 and N = 9 for MM-
CCS, and compared with that of TxBCS and RBCS
with N = 9, and the 802.11 MAC. For the sake of
comparison, we also evaluate the results from using
random channel selection in this scenario.

The optimum control channel bandwidth was found
to be 100 Hz for both N = 4 and N = 9 data chan-
nels. The optimum values of the minimum back-
off window size was found to be 100 µs for N = 4
and 250 µs for N = 9, respectively. The resulting
throughput performances, shown in Figure 6, indi-
cate that the average throughput performance in all
multichannel protocols employing dynamic chan-
nel selection is better that that of the single chan-
nel 802.11 MAC. The multichannel MAC using ran-
dom channel selection actually has a lower through-
put in comparison to 802.11. The performance im-
proves with TxBCS, which is further improved by
the RBCS protocol. The proposed MMCCS proto-
col with N = 4 generates a higher throughput than
RBCS with N = 9. The performance of MMCCS is
even better with N = 9, but we observe that higher
values of N does not improve the throughput pro-
portionately. This is because of the fact that a larger
value of N increases the packet transmission times
due to a smaller data channel bandwidth and hence
the number of retransmission attempts increase due
to a higher number of “destination busy” events.

VI. CONCLUSION

We discuss issues associated with utilization of mul-
tiple orthogonal channels for ad hoc networking. A
key factor that can maximize the benefits of using

 0

 50

 100

 150

 200

 0  50  100  150  200  250  300  350  400  450  500

T
hr

ou
gh

pu
t (

K
B

yt
es

/s
ec

)

Offered Load(KBytes/sec)

802.11
RBCS, N=9

TxBCS, N=9
Random, N=9
MMCCS, N=4
MMCCS, N=9

Fig. 6. Throughput performance in an ad hoc network of 225

nodes placed in a uniform grid.

multiple channels is the dynamic channel selection
scheme. We present an overview of several possi-
ble channel selection schemes and identify some im-
portant features that are required to maximize the
benefits from using multiple channels in wireless.
We also present a new multi-channel MAC protocol
that is based on these ideas. The proposed multi-
channel MAC maximizes the SINR at the receiver
while keeping the interference to active receivers
near the sender to a minimum. The protocol is im-
plemented using receiver initiated busy-tones and
carrier sensing. The sender senses the busy-tone sig-
nals to detect active receivers in its vicinity and the
receiver senses the carrier signals on data channels
to detect the interference powers at its location. A
combination of these two factors is used for select-
ing the best channel by the receiver.

We perform network simulations to show that even
if multiple channels do not utilize additional band-
width, the possibility of independent concurrent
transmissions can be utilized by a multi-channel
MAC to provide a better average throughput than
that achievable using a single channel. Of several
existing multi-channel MAC protocols, the scheme
presented in this work provides the best average
throughput performance. We expect that such chan-
nel selection schemes can provide significant per-
formance benefits if applied to utilize the multiple
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orthogonal channels available in existing physical
layer specifications for ad hoc networking, such as
802.11b and 802.11a.
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