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Abstract

The recent research has shown that the basic RTS/CTS
approach is not efficient in multihop wireless networks. In
this paper, we propose a novel medium access control pro-
tocol with a separate control channel (MAC-SCC). A dis-
tinct feature of MAC-SCC (compared with other multichan-
nel MAC protocols) is to use two Network Allocation Vec-
tors (NAVs) for the data channel and the control channel,
respectively. The transmission of the next data frame can be
pre-determined during the current transmission via the sep-
arate control channel, and thus the frame collision proba-
bility and bandwidth wasted during backoff can be reduced.
The system throughput is quantified via simulation. The re-
sults show that MAC-SCC yields a throughput gain up to
60% under high traffic load and has a significant lower link
failure probability.

1. Introduction

Due to the limited transmission range of wireless inter-
faces, multiple hops may be needed to exchange data be-
tween nodes in a packet radio system, while each node acts
both as a router and as a host. An ad hoc network is one
example of such a system, including a collection of self-
configurable nodes which communicate with each other via
wireless links without the intervention of a centralized con-
troller [1]. The ad hoc network has been extensively stud-
ied in the last few years, with the main focus on routing
protocols and medium access control (MAC) protocols. It
has been shown in [2] that the choice of MAC protocols
can significantly affect the performance of routing proto-
cols, accordingly dictating the overall performance of the
multihop wireless networks.

The MAC protocol is used to resolve access contention
for the shared medium. To alleviate the hidden station
problem, the Request To Send (RTS)/Clear To Send (CTS)

mechanism has been widely used in wireless local area net-
works and standardized in IEEE 802.11 Distributed Coor-
dination Function (DCF) [3]. However, it has been shown
that the basic RTS/CTS approach may result in significant
performance degradation in multihop environment (see Sec-
tion 2.1 for details). Various MAC protocols have been pro-
posed to improve MAC performance by using power con-
trol, directional antennas, multiple channels, etc.

In this paper, we propose a novel MAC protocol using
a separate control channel (MAC-SCC), in which the to-
tal bandwidth is partitioned into two sub-channels: one is
primarily used for data transmission and the other for sig-
naling. The transmission of the next data frame can be
pre-determined during the current frame transmission. Ac-
cordingly, the frame collision probability and the bandwidth
wasted during backoff can be reduced. The rest of this pa-
per is organized as follows. In Section 2, we introduce the
background, motivations, and related work. In Section 3,
we present the proposed MAC-SCC protocol. The simula-
tion results and discussions are presented in Section 4. Fi-
nally, Section 5 concludes the paper.

2. Background, Motivations, Related Work
2.1. Background and Motivations

Here, we briefly describe the RTS/CTS scheme defined
in the IEEE 802.11 standard [3], where its detailed descrip-
tion can be found. As shown in Figure 1 (a), when source
S1 has data to send to node D1, it first senses the medium.
If the medium is idle for an interval of DIFS (DCF Inter-
Frame Space), S1 sends an RTS frame. Upon receiving
RTS successfully, D1 responses with a CTS after an interval
of SIFS (Short InterFrame Space). On receiving the CTS
and waiting for another SIFS interval, S1 sends the data
frame, while D1 will accordingly response with an ACK. If
the medium is busy, the source (e.g., S2 in Figure 1 (a)) has
to defer its RTS transmission. More specifically, S2 starts
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a backoff timer, which decreases only after the medium be-
comes idle for an interval of DIFS and sends RTS when
the timer expires. Similarly, if the source node cannot re-
ceive the CTS frame from the destination, it assumes there
was a collision and also starts the backoff timer. The initial
value of the backoff timer is uniformly distributed from zero
to a maximum value that is exponentially increased with
the number of times of retry. In addition, there is a dura-
tion field in RTS and CTS frames to indicate the amount of
time to be reserved for data transmission. On receiving the
RTS or CTS frames, other nodes (which are not the source
or the destination) update their Network Allocation Vectors
(NAVs), each of which is a timer used to indicate the dura-
tion of channel occupancy. A node cannot send any frame
when its NAV is larger than zero.

As can be seen from Figure 1 (a), a certain amount of
time is used for signaling only, and in particular, the en-
tire bandwidth is wasted during backoff. Under high traf-
fic load, multiple retries may fail, leading to exponentially
increased backoff time and further decreased channel effi-
ciency. Moreover, when using this protocol in ad hoc net-
works, some nodes may experience serious instability and
unfairness problems as reported in [7]. In wireless local area
networks, the RTS/CTS frames are assumed not to collide
with data frames, because every node maintains a NAV such
that one node does not send RTS/CTS during the data trans-
mission of another node. But this assumption is not valid
in multihop environment, and accordingly a large number
of signaling frames may experience multiple collisions and
long backoff time. Worse yet, the node may even falsely
report a link failure. For example, in a simple network with
the string topology shown in Figure 2, when node D has
data to send to node E, it sends an RTS. Assuming an om-
nidirectional antenna for transmission, both nodes C' and E
will receive the RTS frame. As a result, node C will de-
fer its transmission (if any) and node E replies with a CTS.
After receiving CTS, node D can send the data frame. How-
ever, since node B cannot receive the RTS or CTS frames,
it assumes that there is no on-going transmission. If node
B has data to send to node C, it will send out an RTS. But
node C' cannot receive this RTS correctly because of the in-
terference from node D, and thus will not reply to node B.
After timeout, node B will backoff for a period of time be-
fore retransmitting the RTS frame. If node D is sending
several long back-to-back TCP data packets, the channel
will be kept busy, and thus multiple consecutive attempts
to transmit an RTS frame from node B may fail, while the
contention window (as well as the average backoff time)
will double after each retry. When failing seven times (a
default value defined in IEEE 802.11 standard) to receive
the CTS from node C, node B will quit and falsely report
a link failure. In such a case, upper layers will initiate cer-
tain recovery schemes (e.g., re-routing), likely resulting in
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Figure 1. Using MAC-SCC protocol.
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Figure 2. A problem in IEEE 802.11.

a long end-to-end delay.
2.2. Related Work

In this research, we focus on the use of multiple chan-
nels in the MAC layer, which is one effective way to en-
hance MAC protocol efficiency and may be applied together
with other techniques (such as the use of directional anten-
nas and/or power control) as well. Several existing multi-
channel MAC protocols for multihop wireless networks are
discussed as follows.

The dual busy tone multiple access (DBTMA) has been
proposed in [4], where a single common channel is split into
two sub-channels: a data channel and a control channel. two
busy tones are assigned to the control channel, one to indi-
cate that the node is transmitting, while the other to indicate
that the node is receiving. The carrier sense is done by de-
tecting the busy tones. [8] enhances DBTMA by combining
the concept of power control with the RT'S/CTS-based and
the busy tone-based protocol to increase channel efficiency.

[9] proposes a multi-channel carrier sense multiple ac-
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cess (CSMA) protocol, where the total available bandwidth
is divided into N narrow-band sub-channels. An idle sub-
channel is selected randomly for data transmission. [10]
further improves the multi-channel protocol by maintaining
a channel quality list of free sub-channels at each node.

Similar to [9, 10], the total available bandwidth is di-
vided into a number of narrow-band sub-channels in [5].
But one sub-channel is reserved for control. Each node
senses the medium and builds a free-channel list in the RTS
frame of the transmitting node. The receiving node can
choose the channel which is free for both of them. A similar
idea is used in [6] and further enhanced in [11] with power
control.

Note that, although the multi-channel scheme allows
multiple concurrent transmissions, the peak rate of each
node is decreased to 1/ N, because one node usually uses
one sub-channel (among N sub-channels) to transmit. In
addition, any existing multi-channel MAC protocol with a
control channel [4, 5, 6] maintains only one NAV. The con-
trol channel is used by the nodes to compete for the cur-
rent transmission alone. In our proposed MAC-SCC pro-
tocol, however, two NAVs are maintained respectively for
two subchannels, as will be discussed in Section 3. Thus the
control channel can be used to schedule not only the current
data transmission but also the next data transmission.

3. Proposed MAC-SCC Protocol

The basic idea of our proposed MAC-SCC protocol is
to divide the entire bandwidth into two channels (e.g., by
using two codes with different spreading factors in Direct
Sequence Spread Spectrum), i.e., CH a which is primarily
used for data transmission and CH b which is used for sig-
naling, with bandwidth W, and Wy (W, > W), respec-
tively. But note that the nodes are not required to receive
and transmit at the same time. We consider data transmis-
sions that follow the four way handshake RTS-CTS-DATA-
ACK, which is similar to that defined in IEEE 802.11 stan-
dard. All frames can be transmitted on CH a, while CH b
may only be used to transmit RTS or CTS frames. Note
that, the same frame needs different time to be transmitted
on these two channels. Hereafter, we denote T, ., T,
Ty, and T to be the time to transmit a data frame, an
ACK frame, an RTS frame, and a CTS frame on CH a,
respectively, while denote 7%, and T, to be the time to
transmit an RTS and a CTS frame on CH b, respectively.

Each node in MAC-SCC maintains two NAVs, NAV¢
and NAV? for CH a and CH b, respectively. The val-
ues of NAV® and NAV? are always decreasing if they
are larger than zero. Updating the NAVs is similar to that
in IEEE 802.11. More specifically, the frame header in-
cludes a duration field with a value t4yrqtion to indicate
the time interval that CH a is to be reserved for trans-

mission. When sending an RTS on CH a, tguration =
T§ 1o+ 10, +T%,+3SIFS; When sending a CTS on CH
a, tquration = T;ilata + Taack
' SIFS!
Upon receiving RTS or CTS on CH a or CH b, a node up-
include a defer time field to indicate the amount of time
(tdefer) before the node can send or receive data on CH
when the medium is busy or collision occurs, a node starts
a backoff timer, which has an initial random value and de-
The major steps of MAC-SCC are shown in Figure 3.
In Step 1, the source S first senses the medium. If both
transmission. In order to reduce the time for signaling, the
RTS frame is sent on CH a, which has a larger bandwidth.
to indicate the interval that S cannot send data frame, and
sends RTS on CH b. If both CH a and CH b are busy, S
In Step 2, if the destination D receives RTS on CH a
successfully, it sets NAV® to be the duration to complete
and responses with a CTS on CH a. Otherwise, if D re-
ceives RTS on CH b and its NAV? is 0, it sets tdefer 10 be
(e, t' — SIFS — T%,) or D cannot send or receive data
frames (i.e., NAV®). Then D sets N AV? to be the time to
data transmission (1§, + T2, + SIFS) plusa DIF'S in-
CH b. Note that, after setting N AV'®, the signaling on CH b
is forbidden for a period until the current data transmission
other words, CH b is used to schedule the next data frame
only (but not the third or more data frame in the future), be-
one) increases the complexity but does not help improve the
channel efficiency. If D receives RTS on CH b but NAV®
correctly (e.g., due to link error or collision). In such a case,
D sends an empty frame including its N AV? value in the
In Step 3, when S receives CTS, it updates NAV“® or
NAV?, and starts sending data frame after the deferred
destination are employed to indicate the channel occu-
pancy duration and to set gecfer. In contrast to the ba-

- + 2S1F'S; When sending an
RTS ora CTS on CH b, tguration = e+ T2
dates its NAV® or NAV?®. The RTS and CTS frames also
a. In addition, similar to that in the IEEE 802.11 standard,
creases when the channel becomes idle.
CH a and CH b are idle, it means there is no on-going data
If CH a is busy while CH b is idle, S sets tgefer = NAV®
backs off for a random time and then sends RTS on CH b.
the data transmission (i.e., Ty, + 13, + T +251FS)
the interval that either S cannot send or receive data frames
complete the current data transmission (¢4e se,) and the next
terval between two transmissions. Finally, D sends CTS on
is finished (i.e., when N AV® == ( as shown in Step 6). In
cause to schedule additional data frames (other than the next
is greater than 0, it implies that S did not update its N AV?
header to update the N AV'® of node S.
time. Note that NAV® of the source and NAV? of the
sic RTS/CTS scheme in IEEE 802.11, MAC-SCC allows a

ITo simplify the protocol description, we assume CH a and CH b use
the same interfame spaces (DIFS and SIFS). But different values can be
used for CH a and CH b with minor modifications.
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1.

Source S sends RTS:

When a node S has data to send to a node D, it first
senses CH a and CH b.
If both CH a and CH b are idle for a period of DIFS
Ssets tgefer = 0;
S sends RTS on CH a;
Else if only CH b is idle for a period of DIFS
S sets tgefer = NAVE;
S sends RTS on CH b;
Else
S starts a backoff timer and sends RTS
on CH b when it times out.
Endif

3. Source S receives CTS and sends data:

If S receives CTS (let t/ = tg, fer obtained from CTS)
If S receives CTS on CH a

Ssets NAVe =T¢ . +T2 , + SIFS;
S sends data frame after SIFS;

Else
Ssets NAVb =t/ — T8 + DIFS+ TS, +T%,:
S sends data frame after t' — T, + SIFS + DIFS;
Endif
Else
S starts a backoff timer and sends RTS on
CH b when it times out.
Endif

5. Destination D receives DATA and sends ACK:

When D receives DATA successfully, it sends
an ACK to S on CH a.

2. Destination D receives RTS and sends CTS:

If D receives RTS successfully
If D receives RTS on CH a
D sets tge fer = 0, replies with CTS on CH a;
Dsets NAV® =Tg, +Tg, . + T2, +2SIFS;
Else
If NAVP == 0 (let t' = tde fer Obtained from RTS)
D sets tge fer = mazf{t’ — SIFS — 1% ,NAV®};

Dsets NAVY =T¢ 4+ T2, + SIFS + tgefe, + DIFS;
D replies with CTS on CH b;
Else
D responses with an empty frame including N AV?;
Endif
Endif
Endif

4. Other nodes update their NAV:

If receiving a frame on CH a
If NAV® < taquration
NAV® =tguration
Endif
Else If receiving a frame on CH b
If NAV® < tduration
NAV = tduration
Endif
Endif

6. For all nodes, Converting NAV? to NAVS:

If NAV® == 0and NAV?® > 0
NAVS = NAV?Y;
NAV?® = maz{0,T?,,

Endif

+TY, +2SIFS —t'};

Figure 3. The major steps in MAC-SCC.

source/destination to send/receive data frames even though
NAV® is larger than zero. If S cannot receive CTS, it as-
sumes collision occurred and backs off for a random time
before sending another RTS on CH b. In Step 4, upon re-
ceiving a valid frame, other nodes, which are not either the
source or the destination, update their NAV® or NAV?
based on the duration field. As shown in Step 5, D re-
sponses with an ACK frame after it receives the data frame
successfully. Finally, in Step 6, when NAV® == 0 and
NAV? > 0, it means the current data transmission is over,
and the next data frame is ready to be sent. The node sets
NAV® = NAV? which is the duration for the next data
transmission, and sets NAV? = maz{0, T}, + T%, +
2SIFS — t'}, due to that sometime the transmission of
RTS/CTS frame on CH b terminates later than data trans-
mission on CH a. When NAV?® = 0, CH b is free free up
for sending control frames.

Figure 1 (b) shows one example of the MAC-SCC proto-
col. By using MAC-SCC, nodes S2 and D2 can exchange
the RTS and CTS frames on CH b, even when node S1 is
sending a data frame to node D1 on CH a. Accordingly, the
next data frame (from S2 to D2) can be transmitted as soon

as the current data transmission finishes. This is in sharp
contrast to IEEE 802.11, when S2 has data to transmit but
the medium is busy due to the data transmission between
S1 and D1, it has to defer sending RTS until the medium is
idle for a duration of the sum of DIFS and a random backoff
time, during which the entire bandwidth is wasted. MAC-
SCC can pipeline the contention of data channel for the next
data frame with the transmission of the current data frame.
Accordingly, the bandwidth wasted during the backoff time
can be significantly reduced, and a higher channel utiliza-
tion and thus an enhanced average data rate can be achieved.

4. Simulation and Discussion

We have implemented the proposed MAC-SCC and the
basic RTS/CTS schemes by using PARSEC [12] for per-
formance evaluation and comparison. We simulate 25 or
50 static nodes uniformly distributed in a circle with a di-
ameter of 2. The parameters defined in the IEEE 802.11
standard, such as the length of SIFS, DIFS, propagation de-
lay, and control frames, are adopted in this simulation (as
listed in Table 1). We consider Internet traffic with an aver-
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Figure 4. Optimal bandwidth partitioning.

age packet length of 1500 bytes, and the data frame length
can be calculated accordingly. The packet arrival is a Pois-
son process with a variable average rate to simulate differ-
ent traffic loads. The total bandwidth is assumed to be 11
Mbps.

Note that the transmission time of control/data frames on
different channels are different. Let L be the frame trans-
mission time in the single channel scheme (i.e., in the ba-
sic RTS/CTS scheme). In MAC-SCC, the time for trans-
mitting the frame on CHa is (D + 1)/D x L, while the
time for transmitting the frame on CHb is (D + 1) x L. In
this simulation, the main performance metric is the system
throughput, which is defined as the amount of successful
data transmission measured by the percentage of the maxi-
mal bandwidth (11 Mbps). We also consider the link failure
probability as discussed in Section 2 and study the optimal
bandwidth partitioning.

Table 1. Simulation Parameters

RTS Length 20 bytes

CTS Length 14 bytes

ACK Length 14 bytes

Average Data Frame Payload Length | 1500 bytes

DIFS 50 ps
SIFS 10 us
Propagation Delay 10 ps

Total Bandwidth 11 Mbps

Optimal bandwidth partitioning

0.8 T

D =10
Number of Nodes = 25
Transmission Range = 1.0

T
O MAC-SCC
* Basic RTS/CTS

System Throughput (%)

0.3 q

0.2 I I I I I I I
0 2 4 6 8 10 12 14 16
Packet Generation Rate (Packet/Second)

Figure 5. Throughput comparison

loads. With an increase in bandwidth for CH b, it takes less
time to transmit RTS/CTS on CH b and accordingly has a
higher probability to succeed. But since the bandwidth of
CH a is decreased, data transmission then takes a longer
time. The tradeoff has been studied in this simulation. As
shown in Figure 4, the optimal value of D is about 10 for
different packet generation rates. The control channel and
the data channel become the bottleneck when D > 10 and
D « 10, respectively. Thus D = 10 will be used as a
default value in following discussion.
Throughput

The throughput of MAC-SCC and the basic RTS/CTS
scheme are depicted in Figures 5. In Figure 5, we simu-
late 25 nodes, each with a transmission range of 1. In the
basic RTS/CTS scheme, the system throughout decreases
rapidly with an increase in the packet generation rate, be-
cause under a high traffic load, the collision probability is
high, and the long backoff time results in low channel effi-
ciency. In MAC-SCC, since the next data transmission can
be scheduled on CH b even when CH a is busy, the collision
probability and the backoff time is reduced. The proposed
MAC-SCC is more robust under a heavy traffic load and
can maintain a high throughout with up to 60% gain, when
compared with the basic RTS/CTS approach. The same ex-
perimental results are got when we simulate 50 nodes, each
with a transmission range of 0.6.
Link failure probability

Figure 6 shows the link failure rate (reported to the up-
per layer). As discussed in Section 2, in IEEE 802.11 MAC
protocol, after seven consecutive RTS attempts fail, a link
failure is reported to the upper layer, which in turn starts a
recovery procedure, e.g., to discover a new route. Clearly, a

Figure 4 shows the system throughout with different
bandwidth partitionings under the cases of different traffic

frequent link failure may result in a large amount of recov-
ery overhead. As can be seen in Figure 6, MAC-SCC can
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Figure 6. Link failure probability.

significantly reduce the link failure rate reported, because
when CH a is busy, the node can still send control frames
on CH b and avoid multiple RTS retransmissions due to the
lack of responses from the receiving node. We also notice
that, with the use of the defer time (Z4cf.r) in scheduling
the next frame, the nodes in MAC-SCC automatically de-
crease their packet generation rate under high traffic load,
thus avoiding serious congestion.

5. Conclusion and Future Work

‘We have proposed a novel medium access control proto-
col with a separate control channel (MAC-SCC), which em-
ploys two Network Allocation Vectors (NAVs) for the data
channel and the control channel, respectively. As shown
by our analysis and simulation, 10% of the total available
bandwidth needs to be reserved for the control channel to
achieve the best performance. The simulation results have
shown that MAC-SCC may achieve a throughput gain of
up to 60% and lead to a far lower link failure probability,
when compared with the basic RTS/CTS scheme. In our
future work, we will perform theoretical analysis on the op-
timal bandwidth partitioning, study QoS support in MAC
layer using the separate control channel, and evaluate the
effect of higher layers (e.g., TCP) on the proposed MAC-
SCC protocol.
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