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Abstract—In wireless sensor networks, energy is a scarce
resource. Collision as one of the major sources of the energy waste
for medium access control (MAC) protocols has been extensively
investigated. However, it is mostly analyzed under the “saturated
situation” in which the sampling rate is assumed to be equal to
or larger than the transmission rate, which does not reflect the
reality in many applications. This paper relaxes this assumption
to consider the ‘“unsaturated situation” in which nodes do not
always contend to access the media. It focuses on hybrid MAC
protocols which enable nodes to define sleeping schedules. We
take SMAC as a model protocol to analyze how the sampling
rate affects the probability of collision. But the approach can
easily be applied to other hybrid protocols such as BMAC and
XMAC.
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I. INTRODUCTION

Wireless sensor networks are one of the popular technolo-
gies of the future due to a wide range of application areas
[11 [2] [3] [4]. Since it is difficult to change or recharge
batteries of sensor nodes, energy efficiency is the biggest issue
to be considered. Collision, as the source of the retransmission,
highly influences the total energy consumption of a MAC
protocol.

In recent years, the collision probability in wireless MAC
protocols (particularly, in IEEE 802.11) has been extensively
studied due to its impact on throughput and delay [5] [6]
[7] [8]. However, most of these studies assume a “saturated
situation” where the sensor nodes always have packets to send.
This assumption, however, does not reflect the reality in many
applications. What usually happens is in fact the unsaturated
situation in which the sampling rate is much less than the
transmission rate. As a result, nodes can be idle for a long
period before the newly sampled data arrive. Hence, it is not
necessary to keep nodes listening all the time.

Hybrid protocols define the periodic sleeping schedule to
minimize the idle time of wireless sensor nodes. However,
the collision probability in these protocols is not well studied.
Intuitively, the probability of collision may decrease due to
the lower sampling rate in hybrid protocols. The diminished
collision probability, however, poses the question whether
control packets are still necessary to be adopted in hybrid
MAC protocols in terms of energy expenditure. This paper
investigates the overall collision probability (both in the case
of saturated and unsaturated situations) from the perspective
of the sampling rate in hybrid MAC protocols. The contention

model is analyzed based on the SMAC protocol [9], but it can
be easily generalized. The analytical model assumes a finite
number of terminals, ideal channel conditions, independent
collision probability of packets and infrequent communication
among sensor nodes.

The rest of the paper is organized as follows: in section
2, related work is introduced. In section 3, the listen phase
of the SMAC protocol is analyzed. In section 4, the overall
collision probability is evaluated by averaging the collision
probability in both the saturated and unsaturated situations. In
section 5, the characteristic of the overall collision probability
is visualized and the observations are discussed. Finally in
section 6, concluding remarks are given.

II. RELATED WORK

Collision, as one of the major energy consumption sources,
has been the focus of an extensive research, especially in IEEE
802.11 protocol. Bianchi uses the Markov Chain model to
calculate the collision probability in the saturated situation in
order to compute the throughput [5]. The impact of channel
capture following a busy period on collision probabilities in
the saturated network is studied in [6]. While a box-ball
model [7] is developed to resolve the probability of packet
collisions so that the power consumption in the saturated
WLAN environment can be evaluated. Obviously, all these
approaches concentrate only on the saturated situation of
the 802.11 DCF specification with the assumption that the
sampling rate is not less than the transmission rate, which,
however, does not reflect the reality in many wireless sensor
applications.

The model of Malone et al. [10] improves the Bianchi
model by considering more realistic networks in which the
data traffic is considered to be non-saturated and the packet
arrival rate is non-uniform. The model enables to estimate the
peak throughput. The analytic model of Kumar et al. [11] is
similar to that of Malone et al., but it considers additional
aspects such as channel access rate and models the backoff
by a discrete time Markov chain (DTMC). Likewise, Bruno
et al. [8] analyze the efficiency and energy consumption of
wireless networks by employing a p-persistent carrier sense
multiple access scheme. Their model establishes a relationship
between node density, collision rate and packet loss such that
the optimal p — a parameter that determines the average size of
the contention window — can be computed. The analysis result
shows that besides maximizing throughput, p also minimizes



the network’s energy consumption. All these approaches,
however, only focus on wireless local area networks in which
the energy consumption of nodes is not the main concern and
therefore the nodes are active all the time.

III. ANALYSIS OF THE LISTEN PHASE
A. Saturated and Unsaturated

A hybrid protocol in wireless sensor networks adopts a
medium access strategy based on contention and a periodic
sleep schedule. During contention, after the final ACK frame is
successfully transmitted, the channel becomes free and a new
round of competition starts. At this time, all the neighbors of
the transmitter and the receiver will finish waiting and begin
to contend for the medium. If these neighbors have some
available sampled packets to transmit, they will contend for
the medium immediately by first monitoring the channel for a
period of DIFS. Therefore, in the saturated period, the DIFS
interval immediately follows the previous final ACK frame.
In other words, the time interval 7' (as shown in Fig. 1(a))
between the end of the previous ACK frame and the beginning
of the new DIFS sensing period equals zero. In the unsaturated
period, however, a node may not have data to transmit at the
moment. Therefore, T' (as shown in Fig. 1(b)) is larger than
zero. The fundamental reason for the difference between the
saturated and unsaturated situations is the relationship between
the sampling and the transmission rates. In the former case,
the sampling rate is close to or larger than the transmission
rate. But in the latter case, the sampling rate is much smaller
than the transmission rate.
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Fig. 1. Saturated and unsaturated situations with regard to T.

B. Listen Phase Division

Another aspect of hybrid MAC protocols is the periodic
sleep which enables nodes to minimize the energy consump-
tion of idle listening. To reduce control overhead, neighbors
synchronize their sleep schedules. This is accomplished by
transmitting a SYNC packet periodically at the beginning of
the listen period after the carrier sense. If the channel is
detected free during the DIFS period, a randomly chosen
backoff begins to decrease and transmission starts when it
reaches zero.

Since the sensing task does not stop during the sleep phase,
some packets will be accumulated in each node’s queue before
the next listen phase arrives. Hence, in the first part of the
saturated period ( Tj in Fig. 2), nodes will transmit all these
packets at the nodes’ transmission rate. As the sensing task

is also taking place in the saturated period (summation of 1§
and T7), several newly sampled packets will be stored in each
node’s queue, and nodes should also keep transmitting these
packets until the queues become empty. At this time point
(at the end of T} in Fig. 2), all the data packets sampled
during both 7Tj, and 7} are transmitted and no packet will be
accumulated in the queues anymore. So once a new sample
arrives, the node will send it out immediately. In other words,
the unsaturated period starts.
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Fig. 2. The characteristics of the listen phase.

The saturated period must appear in each listen phase since
the duty cycle is always smaller than one even though the
sampling rate is smaller than the transmission rate. In addition,
the unsaturated period must exist as well although we want
to reduce the idle listening as much as possible. The reason
is that some extra time must be spared for carrying out the
retransmission caused by collision and errors during the data
transmission. Since the number of packets which will be
retransmitted as well as the number of retransmission for a
packet is random, the unsaturated period should be set long
enough to deal with retransmission problems.

IV. OVERALL COLLISION PROBABILITY MODEL

Unlike the way that the collision probability is studied either
in the saturated or unsaturated situation in the 802.11 protocol,
the collision probability for hybrid MAC protocols should be
averaged into an overall one. Such average method is operated
in terms of the total number of data packets transmitted during
the saturated and unsaturated periods, since the number of data
packets equals the number of RTS packets which are actually
the objects of collision.

A. Overall Collision Probability

During the sleep period, all the sensor nodes will turn off
their radios, so no data packet is transmitted. Hence, collisions
will not occur. Subsequently, our focus is only on the listen
phase. The symbols, ps, and, p,, are adopted to denote the
collision probability in the saturated and unsaturated periods,
respectively, and the overall collision probability, p, can be
described as the arithmetic average of ps and p,. Since the
average scheme should be handled in terms of the number
of data packets, the ratio of the number of data packets
transmitted during the saturated period, n, to the total number
of data packets transmitted during the whole listen phase
should be used as the weight for the collision probability in the
saturated period. In the same manner, the ratio of the number
of data packets transmitted during the unsaturated period, n,,,
to the total number of data packets transmitted during the



whole listen phase should be chosen as the weight for the
collision probability in the unsaturated period. Then the overall
collision probability can be expressed as:
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Since the sensing task never stops, the newly sampled data
packets keep on arriving at the queue of each node during
the whole frame (includes a synchronized, a saturated, an
unsaturated and a sleep phase). Since no data transmission
occurs during the sleep period, Tjccp, those accumulated
in-queue packets can only be transmitted during the next
synchronized, Ty, and the first part of the saturated phases,
Tp. Likewise, the data packets newly sampled during Ty,
To and T} will be transmitted in 7. Until then, the saturated
phase, T, completes. Consequently, the total number of data
packets transmitted during the synchronized and saturated
periods is equal to the number of data packets accumulated
during the previous sleep, the current synchronized and the
saturated periods. This can be evaluated by considering the
sampling rate, R, as well as the data packet size, Ngqtq-

_ RsTsleep + Rs (Tsa + Tsync)
Ndata

However, synchronization is only maintained periodically in
hybrid MAC protocols. Moreover, unlike the saturated period
during which many data packets are transmitted, there is only
one small SYNC frame sent in the synchronization interval.
This indicates that the synchronization period is much shorter
than the saturated period. Hence, the number of data packets
sampled during the synchronization period is too small to be
counted and thus is ignored. This also means that our model is
valid to other types of hybrid MACs (such as BMAC [13] and
XMAC [14]) which do not require schedule synchronization.
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Fig. 3. Message passing mechanism.

Furthermore, the message passing mechanism is adopted in
hybrid MAC protocols in order to reduce the retransmission
overhead. The mechanism divides a long message into several
small and independent fragments which will be transmitted in
burst, as displayed in Fig. 3. Therefore, the size of a sampled
data packet, Ngqiq, €quals the summation of the size of all
its separated fragments, N;. In this way, Equation (2) can be
reformulated as:
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As stated before, the end of 77 indicates the beginning of the
unsaturated period, during which the transmitted packets are
obtained from data that are sampled during this period itself.

So the total number of the data packets transmitted during the
unsaturated period, T’,,s4, can be evaluated as:
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As shown in Fig. 2, the length of the unsaturated period
equals the frame length excluding the length of the sleep and
the saturated phases. Then equation (4) can be transformed to:
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By inserting equations (3) and (5) into equation (1) and
simplifying the result, we can observe that the overall collision
probability is related to several time durations besides the
collision probability in the saturated and unsaturated periods.
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Here, the sleep phase, T’;ccp, can be expressed by the frame
time, T't;qme, and the duty cycle, D:

Tsleep = Tframe(l - D) (7)

Then equation (6) can be written as:

ps(Tframe(l - D) + Tsa) + pu(TframeD
Tframe

- Tsa
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Equation (8) expresses that the overall collision probability
is dependent on several parameters. Among them, both ps and
Dy have already been successfully evaluated in [12]. T'f,qme
and D are known already. The only unknown variable is T,
whose value cannot be determined directly. And the overall
collision probability can be evaluated only if T,, can be
resolved.

B. Resolution of the Saturated Period

As stated before, the data packets transmitted during the
current 7y come from the data packets sampled during the
previous sleep phase. Thus the number of data packets, N,
transmitted during 7y can be described as:

RSTS €€
Ny, = —=3leep

0 an (9)

During the time interval, Tp, the packets are transmitted in
the saturated condition. This, however, does not mean that the
time interval between every two transmission rounds is zero.
Instead, there is a DIFS sensing period, a randomly chosen
backoff time, several SIFS frames and control packets in the
transmission, as shown in Fig. 4. Therefore, when evaluating
the total time used for transmitting the data packets which are
sampled during the previous sleep period, we should exclude
the time spent on all these frames. The total time used for the
backoff during 7y can be estimated by considering a single
backoff duration, 75,40, and the total number of data packets



transmitted during Ty, Nr,, as the function T;;mkof f expresses
where T4 is the average backoff and o is a slot time.
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Fig. 4. Transmission characteristics of the saturated period.

Similarly, the total time, , spent on the DIFS sensing
period during Tj, should be evaluated as:

DIFS
Ty,

RsTsleep
an

Usually, the error probability depends on the reliability of
the wireless sensor network and is very small, so the time used
for the retransmission of data fragments and control packets
are not worth to be taken into consideration. Therefore, merely
(2n+1) SIFS frames appear in a round of transmission, as one
SIFS frame stands between every two neighbor packets. So
the total time, T/, used for the SIFS frames during Tp
can be described as:

DIFS
Tr,'"” =Tbrrs

Y

RsTsleep
an

And the total time spent on the transmission of the control
packets RTS, CTS and ACK during T is expressed as function

trol packet .
T;g” "o PACREt \where R, denotes the transmission rate.

TplFS = (2n 4+ 1)Tsps (12)
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By combining equations (10) (11) (12) and (13), the total
time, T7,, which is not directly used for the data packet
transmission during Ty can be calculated where Ti,.qns =
Tovgo + Tprrs + (2n + 1) Tsypg + NretNetatnlNock

t
RsTsleep
TLNf
By subtracting 7’1, from Tp, the time which is directly spent

in transmitting the data packets that are sampled during the
previous sleep phase can be estimated by function Ti‘fgm.

TTO - Ttrans (14)

RsTsleep
nN f
Obviously, all the data transmitted during this remaining

time, ngm, at the radio’s transmission rate are sampled in the

previous sleep phase. Therefore, we can set up an equation by
making use of this relationship.

Tt = Ty — Torans (15)
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—— =Ty — Transi
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The data packets that are transmitted in the second part
of the saturated period, 77, are sampled during the whole
saturated period. Similar to the time interval Ty, part of the
time within 7} is spent on the carrier sense, the SIFS frames
and the transmission of control packets. Such time duration,
Tr,, can be expressed as:

(16)
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Then by subtracting 77, from 7T (note that T, is the
summation of T and T}), the useful time duration which is

directly spent on data transmission during 7 can be estimated
as:

TT1 = ﬂrans (17)
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Since the data sampled in the saturated period will be
transmitted during Ti‘ffm, we can set up another equation
which expresses the relationship among the number of data
packets sampled in the saturated period, the transmission rate,
and this remaining time of 73.

T'gfm =Tsa —To — Tirans (18)
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By combining equations (16) and (19) and simplifying
the expression, the value of the saturated period can be
successfully evaluated:

RsTsee RsTsice
Ttrans niNy L+ R: =
Tsa = 1 R. R (20)

R Ttransﬁ
C. Resolution of the Collision Probability

By inserting equation (20) into equation (8), it is possible
to drive an expression for the overall collision probability.
Equation (21) actually gives the relationship between the
overall collision probability and the sampling rate in hybrid
MAC protocols in wireless sensor networks.
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V. SIMULATION AND DISCUSSION
A. Simulation Setup and Parameters

Matlab version 7.0.1 was employed to verify and visualize
the correlation between the overall collision probability and
the node’s sampling rate in both saturated and unsaturated
conditions of hybrid MAC protocols. The analytic model was
applied to a network in which nodes are randomly distributed



in an area of 160 x 200 meters. One of these nodes is the
information sink and it has endless power supply. We assume
that the transmission rate is 2Mbps and the network operates
under stationary and ideal channel conditions.

During the simulation, the transmission rate was expressed
in terms of byte per microsecond in order to comply with the
way DCF in IEEE 802.11 specification (the time unit of SIFS,
DIFS and the slot time as well as the length unit of control
packets and normal data packets) is expressed. Due to the
limitation of the time interval, 7', in hybrid MAC protocols,
even the maximum sampling rate is much smaller than the
transmission rate. The number of fragmentations for a single
message is selected to be 4. This makes the average size of a
data fragment equal 34 bytes.

In this paper, the aim is to examine the influence of
varying the sampling rate on the overall collision probability.
Subsequently, how the other parameters affect the overall
collision probability falls out of the scope. By doing so, all
the other parameters should be set as constants throughout
the simulation. The constant for the duty cycle, however,
should be large enough to ensure that hybrid MAC protocols
work properly even if the maximum allowed sampling rate is
reached. All the other parameters are presented in Table I.

TABLE I
SIMULATION PARAMETER LIST

Basic Parameter Default Value

Control message RTS/CTS/ACK | 10bytes
Data message 136bytes
Fragmentation 4
Transmission rate 2Mbps
Maximum backoff stage 5
Maximum transmission attempt 8
Minimum contention window 31
Sensing field 32000m2(160m x 200m)
Total sensor node 50
Nominal transmission range 40m
SIFS 10pus
DIFS 50us
Slot time 20us
Duty cycle 80%

B. Simulation Results and Discussion

As analyzed in [12], the collision probability in the saturated
period is simulated as a straight line parallel to the axis of the
sampling rate. Due to the limitation of the time interval, T',
the maximum achievable sampling rate is 1.18 Mbps. On the
other hand, the collision probability in the unsaturated period
behaves differently when the sampling rate belongs to different
conditions with respect to 7. Since the overall collision prob-
ability is evaluated by arithmetically averaging the collision
probability in the saturated and unsaturated periods, it should
also be analyzed under the four different conditions which
are classified according to the value of 7" where T € (0,0),
T e [U; Tavga)a T e [Tavgaa Tavgo— + TDIFS + Ttrans) and
Te [Tavga + TDIFS' + Ttran57 +OO)

In the first condition where T' € (0, o) and thus the sampling
rate is in the range of (1.15, 1.18) Mbps, since both the

collision probabilities in the saturated and unsaturated periods
have nothing to do with the sampling rate, both of them are
constants. The overall collision probability, calculated by these
two collision probabilities, is therefore displayed as a straight
line with the invariable value 0.22.

Peaturated 'S Punsstursted 5 Paveray IN the second condition

— =P
09 saturated
—~ ~ Punssturated
08 Pevveral
07 F b
£
E 0B J
@
=
=
= 05 B
c
2
ENFIS E
=]
[}
03F b
0.2 T T T T T T T e B
e
oip =TT B
L

0 . . . . . . . .
08 084 083 052 096 1 104 108 112 116
Sarmpling rate (Mbps)

Fig. 5.
[0, Tavgo)

The collision probability in the second condition where T' €

In the second condition where T" € [0, T,,,40), the collision
probability in the unsaturated period changes continuously
where the sampling rate is in the range of (0.87, 1.15) Mbps,
thus after averaging it with the collision probability in the
saturated period, the overall collision probability behaves as a
smoother curve, shown in Fig. 5.
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Fig. 6. The collision probability in the third condition where T° €
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In the third condition where the sampling rate varies from
0.51 Mbps to 0.87 Mbps, the collision probability in both the
saturated and unsaturated periods are invariables with the value
0.22 and 0.068, respectively. Nevertheless, due to the fact that
the weight used for the average is sampling rate dependent,
the overall collision probability acts as a curve rather than a
straight line, as Fig. 6 displays.
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In the fourth condition where T' € [T,n40 + Tnrrs +
Tirans, +00) and thus the sampling rate belongs to (0, 0.51)
Mbps, affected by the sampling rate, the collision probability
in the unsaturated period behaves as a curve which begins to
emerge when the sampling rate exceeds 0.3 Mbps, as displayed
in Fig. 7. This indicates that collision will never occur among
sensor nodes in the unsaturated period if the sampling rate is
smaller than 0.3 Mbps. So after averaging, the overall collision
probability appears as a curve and starts from zero Mbps. The
reason is that the collision probability in the saturated period
remains nonzero in the sampling rate interval (0, 0.3) Mbps.
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Fig. 8. Overall collision probability in the SMAC protocol.

In order to give an overall look of the performance of the
collision probability in the whole listen phase, we combine all
these four figures together. Deserving to be mentioned, there
is a gap standing between the lines of the average collision
probability in the first and second conditions, which is denoted
by a small black line. The reason of this phenomenon is
that the method of evaluating one of the parameters (active
neighbor node) which determine the value of the collision
probability in the unsaturated period is different in these two

conditions [12]. As a result, the overall collision probability
jumps a big step directly from 0.21 to 0.22 once the sampling
rate increases to 1.15 Mbps, as described in Fig. 8.

VI. CONCLUSION

In this paper, we evaluate the collision probability of hybrid
MAC protocols in wireless sensor networks by considering
both the saturated and the unsaturated situations. We assert
that the collision probability is highly affected by the sampling
rate and varies from 0.043 to 0.22 when the sampling rate
changes from zero to 1.18 Mbps. Consequently, in terms of
the characteristics of the collision probability, the collision
avoidance technique can be removed once the sampling rate
is relatively low according to the performance requirements of
the wireless sensor applications.
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