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Abstract:

Using the dedicated control channel approach in multi-channel environments can improve
the network performance and does not require clock synchronization. However, when the number
of channels is few, it increases the overhead, and, therefore, limits the performance. Thus, some
researchers suggest to reuse the control channel to transfer data packets when all data channels are
busy. In this paper, we develop an analytical model to investigate the advantages and disadvantages
of the reuse of the control channel. Simulation results are also presented to validate the analytical
model and to study the performance under different settings. In addition, we show the results of
the dedicated control channel approach for comparison.

INTRODUCTION:

The capacity of wireless networks is limited due to interference. Leveraging multiple
channels can improve the network performance because multiple transmissions can take
place on multiple channels (e.g., Wi-Fi networks have three orthogonal channels in the
2.4-GHz band and 12 channels in the 5-GHz band [1]).

Many multi-channel medium access control (MMAC) protocols have been proposed in the
literature, and there are different approaches of how to utilize the available channels [2], [3].
Different classifications can be applied to MMAC protocols, e.g., principle operation and syn-
chronization requirement. Following [2], [3], the first approach is common hopping MMAC
protocols in which all nodes follow the same hopping sequence and hop between channels, and
it requires tight global clock synchronization. The second, split phase MMAC protocols divide
time into slots, and each slot has two phases. The first phase is the control phase in which all
nodes meet on a predefined control channel to make agreements. In the second phase (the data
phase), successful pairs tune to their agreed upon channels and exchange data [3], [4]. This
approach also requires global clock synchronization. Parallel rendezvous MMAC protocols are
another approach that requires clock synchronization.

This approach outperforms all other approaches in terms of the network performance
because multiple devices can meet and transmit on different channels at the same time.
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Finally, common channel MMAC protocols in which one channel is common for con-
trol and broadcasting packets and the remaining channels are data channels for data trans-
mission do not require clock synchronization. However, when the number of channels is
large, this approach suffers from the congestion on the control channel [5], [6]. When the
number of channels is few, the common control channel becomes an overhead. We can
further classify this approach into two mechanisms based on the use of the common chan-
nel. The first mechanism known as the dedicated control channel (DCC) MMAC protocols
that is when the common channel is dedicated for control and broadcast packets, i.e., no
data packets are transmitted over the common control channel [7], [8]. In DCC, devices
exchange control packets on the control channel to reserve data channels. When all data
channels are busy, the dedicated control channel becomes idle as shown in Fig. 1a. The
Dynamic Channel Assignment (DCA) protocol is proposed for multi-hop networks [9].
Two interfaces are installed on each node. One interface is fixed on the control channel,
and the other interface switches between data channels. Using multiple channels with
transmission power control (TPC) will increase the network capacity [10], [11]. The sec-
ond mechanism known as the reuse of control channel (RCC) MMAC protocols is when
the common channel is for control and broadcast packets and reused for data transmission
if all data channels are busy. The RCC mechanism has been suggested in [12], [13] and
proposed in [14]. It seems that the RCC mechanism resolves the overhead of the com-
mon control channel when the number of channels is few. A recent comparison between
multi-channel MAC protocols is given in [5]. [15] and [16] provide certain multi-channel
issues and present some existing multi-channel MAC protocols.

Our objective is to investigate whether or not the reuse of the common control channel
for data transfer improves the network performance or not because the performance of dy-
namic multi-channel approach is not well investigated yet. The term channel reuse of com-
mon channel is that the common channel is used not only for control and broadcast packets,
but also for data transmission if all data channels are busy. It is unknown when allocating
the entire bandwidth for common control channel for only control packets may improve
the network performance. Alternatively, reusing the common control channel not only for
control packets but also for data transmission when all other channels are occupied and may
improve the channel utilization.

In this paper, we develop an analytical model, based on a bi-dimension Markov chain
model, for the RCC scheme. The theoretical results are validated with the simulation results,
and we then compare the results with the DCC mechanism, which has been developed in [5].
The purpose of this comparison is to study the advantages and disadvantages of the reuse of
the common control channel for data transmission.

The remainder of the paper is organized as follows. Section II describes the RCC and DCC
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mechanisms. An analytical model is developed in Section III while numerical and simulation
results are given in Section IV. Finally, we conclude the paper in Section V.
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Fig. 1. Comparison of the DCC and RCC mechanisms.

II. RCC AND DCC

In this section, we describe the RCC and DCC mechanisms. In DCC, there is one
dedicated control channel used for transferring control packets (i.e., request-to-send
(RTS) and clear-to-send (CTS) packets), and there are data channels used for data com-
munication. Any device that has a packet to transmit must compete on the dedicated
control channel to reserve a data channel by transmitting an RTS packet on the dedicated
control channel. Once receiving the RTS, the destination responds with a CTS packet
on the control channel, confirming the data channel. Then, the source transmits the data
packet on the agreed data channel as shown in Fig. 1a. The common control channel is
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either the bottleneck when the channels are large or overhead when the channel is small.

To overcome the overhead of the common control channel when the channels are small,
some researchers suggest to reuse the common control channel to transfer data packets when
all data channels are busy, i.e., the RCC mechanism [12]-[14]. The mechanism is similar to
DCC, and the only difference is that when all data channels are busy, any device can reuse
the control channel to transmit its data packet as shown in Fig. 1b. It is beneficial when the
number of channels are few, e.g., three channels as discussed below.

III. ANALYTICAL MODEL

In this section, we describe and analyze simplified models of the RCC mechanism1.
There is one common control channel and Md is the number of data channels, all with equal
bandwidth, i.e., M = Ma + 1 is the total channels. With perfect synchronization, time is di-
vided into small slots, and the slot size t is equal to the time to exchange RTS/CTS packets to
make an agreement. [N wireless devices and a single collision domain with perfect channel
condition are assumed, and all the devices are in saturated mode. We assume that the packet
lengths, which are integer multiples of slot durations, are independent and geometrically
distributed with parameter g, which is, packet duration with a mean of 1/g slots.

We assume an ideal slotted ALOHA, and an idle device attempts to transmit with
probability p in the next slot by exchanging of the RTS/CTS packets. To reserve a data
channel, the devices compete on the common control channel, and they can transmit
only one packet. When all data channels are busy, the devices are allowed to reuse the
control channel to transmit their data packet with the packet length, which is indepen-
dent and geometrically distributed with parameter . Although the distribution of both
packet length transmitted on the control channel and the data channels is the same, the
mean packet length used on the data channels (i.e., 1/q slots) is not the same as the mean

packet length used on the control channel (i.e., 1/f slots).

These assumptions and simplifications allow us to construct a two-dimensional dis-
crete-time Markov model to study the throughput of the protocol. Let X(t) represent the
number of communicating pairs at slot time t, (e.g., when X{(t)= k, 2k devices are involved
in data transfer, while the other N — 2k devices are idle), and the state space of X(t)is {0, 1,
..., Md}. In addition, C(t) represents the state of the common control channel whether it is
used for data transmission or not at time t. Thus, the state space of C(t)is {0, 1} (e.g., when
c(t) = 0, the common control channel is not used for data transmission because some data
channels are unused or there is no successful transmission to reserve it at time t). Therefore,
{X(t), C(t)} is a two-dimensional discrete-time Markov chain, its state is:

S={(o, 0), (1, 0), ..., (MinN(IN/2]J, Md), o),
(min(IN/2], Md), 1), . . ., (1, 1), (0, 1)}.
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Let TK(/) (t) represent the probability that j transfers terminate over the data channels at time ¢ giv-

ing that there are k transfers at time ¢ — I, such that k > j, and is given by the following:

1In [5], the analytical model of the DCC mechanism has been develop, and, there-
fore, we follow the same assumptions and notations. Note that there is an error in tran-
sition probabilities of the DCC model in [5], and it is corrected in [17]

Téj ) = Pr[j transfers terminate at time ¢|X;_1 = k|
k\ . . 2)
= (j)qj(l —q)" .

For the common control channel, the probability that the data transmission over the
common control channel terminates at time t is denoted by I = 3

Let S denote the probability that i new agreements are made. Since the common
control channel approach is based on the Single Rendezvous protocol, at most one trans-
fer is allowed in the next slot [2], [3]. An agreement is made when exactly one idle de-
vice attempts to transmit an RTS on the control channel. Hence, the success probability
S% in the next time slot, given that k pairs are communicating in the current slot’, is:

(N —2k)p(1 — p)(N=2k=1) " if § = 1;
~ 3
S0 =11- 50, if i = 0; 3)
0, otherwise.

Let P {l, h/k, f } be a one-step transition probability of the Markov chain from state
(k f) at time tto (1, h) at time t + 1.

A state changes only when a new agreement is made or existing transfers end. In the
following, we will express the transition probability based on the state of the common
control channel. The transition probability P {I, 0/k, 0} is the probability that k transfers
terminate at time t and I pairs in the next slot, and the common control channel is not used
for data transmission. It is given as follows:

.

0, if 1> k+1;
s, ifl=k+1;
T]Ek_l)SI(CO)

P{1,0|k,0} = { (4)

+7 S i (0 < 1 < k)

and (I + k # 2M,);

7" 8O, if 1 = 0.
\
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The following probability is that when all data channels are occupied, a new agreement
is made to use the common control channel for data transfer.

P{i,1]k,0} = TF Vg if (1=Fk+1) and o
(Il +k=2Mjy).

The probability P {l, O |k, 1}indicates the transition probability when the data transfer
over the common control channel terminates and can be obtained as

;

0, if (1 >k+1);
TS0, it (= 0);
P{l,0lk,1} = § 7O sV, if (1=Fk+1); (6)

70507

+7 ST i (0 <1 < k).
\

The following probability indicates that the data transfer over the common control channel
is not terminated in the next slot regardless the status of other data channels (e.g., some data
channels may become idle, but since the control channel is busy, no agreements can be made)

0, if (1>Fk+1);
T* D1 —1), if (0<1<k);

()
P{l,1|k,1} = < and [ + k # 2My;

71— 1)

+7 IS i 4 k= 2M,.
The average utilization of all channels including the common control channel can

P = (Z Z(i+j)7rij)/Ma )

1,]ES

be obtained as:
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Where 7jj is the limiting probability that the system is in states 1 and j and S is the state
space of the Markov chain. We obtain the system throughput R as
R= MCp,

where C is the channel capacity and p is the data channel utilization that we calcu-
late using (8).

x10° 108

N
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\
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Fig. 2. Comparison of the DCC and RCC schemes with different channels when the the mean packet
length is 512 bytes transferred over the control channel
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Fig. 3. Comparison of the DCC and RCC schemes with different channels when the mean packet length is
1024 bytes transferred over the control channel.

IV. NUMERICAL RESULTS

In this section, we develop a packet-level simulation using Matlab to validate the
analytical model of RCC presented in the above section. In addition, the results are com-
pared with the DCC model developed in [5]. We consider a single-hop Ad Hoc network
with a number of wireless devices, and each device always has a packet in its queue
for transmission. A single collision domain with perfect channel condition is assumed.
A simple modification can be applied for imperfect channel, but it does not change the
findings. The system parameters are listed in Table I, and the channel bit rate of all chan-
nels is set to IMbps. The number of devices is set to 30, and the duration of each slot
1s the time to transmit the RTS and CTS packets, which, according to the parameters, is
equal to RTS + SIFS + CTS + SIFS =288 + 10 + 240 + 10 = 548 us.
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We choose two different average packet sizes transferred on the control channel
for the RCC scheme to study the impact of control channel occupancy on the network
performance. Fig. 2 shows the throughput results with different average packet lengths
transferred on data channels (x-axis) and for different numbers of channels when the
average packet size transferred on the control channel is set to 512 bytes. Each device
can randomly select their packet lengths according to the geometrically distribution as
discussed in Section III.

PHYhdr (bits) 128
SIFS (ps) 10
Channel bit rate (R) 1 Mbps
RTS Packet Size (bits) 160 + PHYhdr
CTS Packet Size (bits) 112 + PHYhdr

TABLE I SYSTEM PARAMETERS

control channel is set to 512 bytes. Each device can randomly select their packet
lengths according to the geometrically distribution as discussed in Section III.

Fig.2a shows that the simulation results match well with the analytical values of
the RCC approach when the number of channels is 3. We can also see that the RCC ap-
proach outperforms the DCC approach because the RCC use all the channels efficiently
when the packets are longer.

The throughput results of the RCC approach degrade because some data channels
become idle while the control channel is busy when the number of the channels increas-
es to 5 and 7 as shown in Fig.2b and Fig.2c, respectively. In addition, the DCC achieves
slightly higher throughput than the RCC when the packets are short.

Fig.3 shows the numerical results when the packet size increase to 1024 bytes transferred
on the control channel. When the number of channels is 3, the RCC performs better than
the DCC when the packets are longer as shown in Fig.3a. However, DCC achieves better
throughput than RCC when the channels are large, as shown in Fig.3b and in Fig.3c when
the number of channels is 5 and 7, respectively. Because devices take longer time using the
control channel for their data transfer under RCC, it affects the performance.
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CONCLUSION

In this paper, we develop an analytical model using a bi-dimensional Markov chain

to investigate the performance of reusing the control channel when all data channels
are busy in the multi-channel environments. Simulation results are used to validate the
analytical results under different settings. In addition, we compare the numerical results
with the control channel dedicated for control packets. Our results conclude that reusing
the control channel to transmit data packets if all data channels are busy does not help
to improve the network performance instead it increases the control channel bottleneck
when the channels are larger. In many proposed protocols [12], broadcast packets that
are transmitted on the control channel also limit the performance for both approaches
(i.e., the RCC and DCC).
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