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Abstract

The IEEE 802.15.4 has been adopted as a communication protocol standard for Low-Rate Wireless Private
Area Networks (LRWPANSs). While it appears as a promising candidate solution for Wireless Sensor
Networks (WSNs), its adequacy must be carefully evaluated. In this paper, we analyze the performance
limits of the slotted CSMA/CA medium access control (MAC) mechanism in the beacon-enabled mode for
broadcast transmissions in WSNs. The motivation for evaluating the beacon-enabled mode is due to its
flexibility and potential for WSN applications as compared to the non-beacon enabled mode. Our analysis is
based on an accurate simulation model of the slotted CSMA/CA mechanism on top of a realistic physical
layer, with respect to the IEEE 802.15.4 standard specification. The performance of the slotted CSMA/CA is
evaluated and analyzed for different network settings to understand the impact of the protocol attributes
(superframe order, beacon order and backoff exponent), the number of nodes and the data frame size on the
network performance, namely in terms of throughput (S), average delay (D) and probability of success (Ps).
We also analytically evaluate the impact of the slotted CSMA/CA overheads on the saturation throughput.
We introduce the concept of utility (U) as a combination of two or more metrics, to determine the best
offered load range for an optimal behavior of the network. We show that the optimal network performance
using slotted CSMA/CA occurs in the range of 35% to 60% with respect to an utility function proportional to
the network throughput (S) divided by the average delay (D).
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Fig. 12. The average delay as a function of the offered Fig. 13. Collision problem after a CCA deference
load for different (BO, SO) values

This problem is illustrated in Fig. 13, where three data frame transmissions are deferred to the next superframe leading
to a collision.

The situation presented in Fig. 13 will frequently happen with low SO values, which clearly explains the low network
throughput observed in Fig. 10 for low SO values. Now, in the example of Fig. 13 if we consider that the superframe
duration is greater, node 3 can start its transmission before nodes 1 and 2 wake up. These latter nodes will then sense the
channel busy (since node 3 is transmitting), and thus go to backoff with higher backoff delay value (after increasing BE).
This fact clearly explains the higher average delay value obtained with high superframe orders.

Now, let us consider the average delay for offered loads lower than 50% (Fig. 14).

We observe that, in this case, higher delays are experienced with lower SO values. The reason is that with low offered
loads, the impact of the CCA deference on the network throughput is reduced as compared with high offered loads (we can
observe in Fig. 10 that the network throughput is the same with all SO values for G <50%), hence, less collisions will occur.
However, due to more successful transmissions after the CCA deference, the average delay is more affected by the time
spent waiting for the next superframe, which increases for lower superframe orders. The backoff delay will not have a great
impact on the performance since with low offered load, the channel will be sensed as idle more often and thus the backoff
delay will remain low.

Fig. 15 shows that, according to the utility function defined in Eq. (3), the optimal offered load range is located in
between [35%,60%] of the network capacity, i.e. the best tradeoff between delay guarantee and network throughput is
achieved in this range. The peak is generally achieved around 40% of offered load, except for SO = 0 and SO = 1, where the
peak is reached for around 60% of offered load.

Observe also that the utility peak value is almost the same for all SO values. However, for higher offered loads, the utility

is higher for lower superframe orders.
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Fig. 14. The average delay as a function of the offered load  Fig. 15. The Utility (U) as a function of the offered load
for different (BO, SO) in the range G = [0, 40%] (G) for different (BO, SO) values

Summary. It has been shown that high superframe orders provide better network throughput than low superframe
orders due to their increased immunity against the CCA deference symptom. On the other hand, low SO values result in
lower average delays in case of high offered loads. This is mainly because backoff delays remain low due to frequent
collisions after the CCA deference. With low offered loads, the average delays with higher SO values are smaller due to low
fractions of CCA deference backoff periods.

It can be understood that the CCA deference presents two different limitations depending if it is with high or low
offered loads.

1. With high offered loads, it causes lower network (saturation) throughputs due to the collisions resulting from of

multiple simultaneous transmissions after the deference, at the beginning of a new superframe.

2. With low offered loads, it causes an increase in the average delay due to the wasted amount of backoff periods

during the CCA deference.

Hence, one of the important challenges for improving slotted CSMA/CA is to reduce the probability of collisions after
the CCA deference, by avoiding multiple transmissions in the next superframe. One idea is to go again into a backoff delay

at the beginning the next superframe instead of immediately starting transmissions after two CCAs.

5.2 Study 2 — impact of macMinBE

The Backoff Exponent (BE) is an important parameter in the backoff algorithm of slotted CSMA/CA. It enables the
computation of the random backoff delay before trying to access the channel. Note that this behavior is particularly
different from the backoff algorithm of the DCF in IEEE 802.11 [7]. The initial value, denoted as macMinBE, is set to 3 by
default [1], but can be set differently by the MAC sublayer in the range [0,5]. Setting 7acMinBE to 0 would disable collision
avoidance during the first iteration of the algorithm.

The purpose of this section is to study the impact of the initialization value #acMinBE on network performance.
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We run the simulator (described in Section 3.2), for different values of macMinBE - from 0 to 5. For each configuration,
we vary the inter-arrival times of the flows in each node to have different offered loads with a constant packet size (see
Section 3.2). Each curve corresponding to a given macMinBE is obtained for thirteen different inter-arrival times. Figs. 16,
17, 18 and 19 present the network throughput, success probability, average delay, and utility (as defined in Eq. (3)),
respectively, as a function of the offered load for different macMinBE values. Figs. 16 and 17 are plotted for two SO values
(0 and 3).

In Fig. 16, it is observed that the network throughput is completely independent from the initial value of the backoff
exponent zacMinBE. Similarly, in Fig. 17 the probability of success is independent from macMinBE. We do remember that in

case of 100 nodes, we have G = G, for G < 3.
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Fig. 16. The network throughput as a function of the offered Fig. 17. The success probability as a function of the offered

load for different macMinBE values with 100 nodes load for different macMinBE values with 100 nodes

Intuitively, it could be expected that the network throughput would be improved with higher macMinBE since the
backoff interval would be larger. However, this is not the case in this example. This result is due to the backoff algorithm

behavior of slotted CSMA/CA. In fact, for a given macMinBE, the interval from which the backoff delay is randomly
generated at the first iteration is [0..2ma°]\'““BH-1] Independently from macMinBE, the lower limit of the backoff delay

interval is always 0 and the upper limit will be incremented each time the channel is sensed busy. Since the number of nodes
is high (100 nodes), the probability that a medium is busy is high, which leads to increasing BE for improved collision
avoidance in the next iterations. BE cannot exceed amaxBE = 5 and this value is reached by the competing nodes at most
after 5 transmissions of other nodes. Thus, the backoff interval will tend to [0,31] in all remaining nodes waiting to access
the medium and, as a result, the backoff delay distribution will not depend too much on the initialization value of macMinBE.

It is clear that a critical limitation of slotted CSMA/CA is that the upper limit of the backoff delay interval is limited to
2°-1=31 BPs. This value is too small (e.g. as compared to 1024 in IEEE 802.11) to reduce the impact of collisions in a WSN
of with a significant number of nodes. In fact, let us consider a scenario with ten competing nodes. Fig. 18 presents the

corresponding network throughput as a function of the offered load for different wacMinBE values.

15



Network Throughput (S) Offered Load at the MAC Sublayer (Gmac)

70% 400%
10 Nodes 10 Nodes
Packet size = 404 bits Packet size = 404 bits
(6 Backoff Periods) (6 Backoff Periods)
A macMinBE = 0
BeZ f
600 |- e — “‘;ac“\\ﬁa "~ machlin 300%
macMinBE = 3
macMinBE = 4
macMinBE = 5
o, o
50% 200% macMinBE = 4 / macMinBE =1

/ macMinBE = 2
40% 100% e N macMinBE =3
/ macMinBE = §

Offered Load (G) | Offered Load (G) |
T

T T T T T > T T T T T -
50% 100% 150%  200%  250% 300% 50% 100% 150%  200%  250% 300%

30%

Fig. 18. The network throughput as a function of the Fig. 19. Gmac as a function of the offered load for

offered load for different macMinBE values with 10 nodes different macMiIinBE values with 10 nodes

In this case, the network throughput depends on the initialization value macMinBE, but, contrarily to what should be
expected, the network saturation throughput decreases when increasing the macMinBE. However, this does not mean a
worse behavior for higher macMinBE. In fact, the macMinBE has an important influence on the amount of traffic sent to the
network by the MAC sublayer (G,.), as it is shown in Fig. 19.

Fig. 19 presents the offered load produced by the MAC sublayer (Gu.) as a function of the offered load of the

application layer (G). The temaining part of the traffic (G -G is still queued waiting for service or dropped in case of

mac)
limited buffer sizes.

Inversely to the case of 100 nodes, where G = Gmac for all macMinBE, in a small-scale network with only ten nodes, the
increase of macMinBE reduces the load effectively transmitted in the network. This is because high backoff delays will cause
more wasted backoff periods not used by any of the competing nodes. This is explained by the small number of competing
nodes in the network. This result has a positive impact on the success probability (5/ G, as depicted in Fig. 20.

Fig. 20 presents the success probability as a function of the offered load (G). As it is expected, increasing the backoff
delay interval (starting with high macMinBE) results in a better success probability, while avoiding collisions in small-scale
WSNs. Most of the traffic sent is correctly received for high macMinBEs.

This behavior is different from the CSMA/CA version defined in IEEE 802.11 [7]. In fact, in IEEE 802.11 the backoff
and CW

delay is chosen within an interval [C W min-- CWmax]where cw are the lowest and highest values of the

min max

backoff delay interval, respectively. These limits can be set in the range of [0,1024]. It has been shown in [13-14] that

CW i has the most critical impact on the saturation throughput.

min

Hence, by analogy, in case of the slotted CSMA/CA, the impact of macMinBE on the network throughput is limited,
since it only affects the higher limit of the backoff delay interval , while the lower limit is always equal to 0. This is likely to
be a limitation in the slotted CSMA/CA backoff algorithm of IEEE 802.15.4, since the standard does not allow changing
the lower limit of the backoff delay interval. This limitation mainly reduces the flexibility of the slotted CSMA/CA to have

different ranges for the backoff delay.
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load for different macMinBE values with 10 nodes

In Fig. 21 (100 nodes), observe that the average delay increases with macMinBE for a given offered load. Lower
macMinBE values provide lower average delays with the same network throughputs. This is because the average backoff
delays are higher for large [0, 2BF-1] intervals. Observe that for low offered loads (G <50% ), the variance of the average
delays for different macMinBE is not significant (around 10 ms from macMinBE from 0 to 5). However, for high offered
loads G 250% , the impact of macMinBE is significantly more visible. For instance, for G = 300%, the average delay is

higher than 110 ms (344 BPs) for macMinBE = 5, whereas it is does not exceed 8 ms (25 BPs) in case of macMinBE = 0.
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Fig. 21. The average delay as a function of the offered load Fig. 22. The Utility (Eqg. 3) as a function of the offered
for different macMinBE values with 100 nodes load for different macMinBE values with 100 nodes
In case macMinBE = 0, the average delay is almost independent from the offered load in the range G € [100%, 300%)]

(there is only 2 ms of average delay variation). The variation of the average delay is more visible for higher macMinBE, in the

range G € [100%, 300%].
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In Fig. 22, it is clear that the lowest macMinBE provides the best network throughput/delay tradeoff. This is because the
network throughput is almost the same for all #acMinBEs, while the lowest average delay is met with macMinBE = 0.
Observe that the utility reaches its peak value in the range of offered loads G € [35%, 60%], similatly to the previous

study. The same conclusions also hold in this case.

Summary. In this study, we have shown that the network throughput is independent from the initial value of the
backoff exponent macMinBE for a "large-scale" WSN. This is because the lower limit of the backoff delay interval [0, 2BF-1]
is not affected by the choice of macMinBE. However, the impact of zacMinBE on the network throughput is quite important
in small scale networks. In fact, increasing macMinBE will lead to relatively lower network throughput (since the capacity of
the network (250 kbps) is not entirely used for high »acMinBE), but to significant higher success probability thanks to more
efficient collision avoidance.

In conclusion, the collision avoidance mechanism is not efficient in case of a large-scale WSN. However, the choice of
macMinBE has a significant impact on average delays. In fact, for a given offered load G, the average delay experimented in
the network increases with macMinBE. The variance is quite important for high offered loads. Based on the utility results,
macMinBE = 0 is the best configuration for an optimal network throughput/average delay tradeoff. For all macMinBE values,

the best tradeoff is achieved for G € [35%, 60%)] similarly to the results in Study 2.

5.3 Study 3 —impact of the number of nodes

The number of nodes in a WSN can differ from one application to another (large-scale, medium-scale or small-scale
WSNs). The purpose of this section is to evaluate the impact of the number of nodes in the network on the performance of
the slotted CSMA/CA mechanism.

We run the simulation test-bed, described in Section 3.2, for different number of nodes in the network (10, 25, 50, 100,
200). For each configuration, we vary the inter-arrival times of the flows in each node to have different offered loads with a
constant packet size (see Section 3.2). Each curve corresponding to a given number of nodes is obtained for thirteen
different inter-arrival times. Figs. 23, 24, 25 and 26 present the network throughput, success probability, average delay, and
utility (as defined in Eq. (3)), respectively, as a function of the offered load for different number of nodes.

Fig. 23 shows that the network throughput is almost independent from the number of nodes generating a given offered
load G for a large scale network (number of nodes 2 50). The offered load is a bit lower for a ten node network. This is
because the network throughput in small-scale networks is shown to be dependent of macMinBE value, which is set to 2 in
this situation (same interpretation as in Section 5.2). The offered load generated by the MAC sublayer is lower than that
generated by the application when the number of nodes is low.

The network throughput only depends on the offered load G whatever it is generated by 10, 25, 50, 100 or 200 nodes.
However, for a given offered load G, the load generated by each node is obviously inversely proportional to the number of
nodes. Hence, the number of competing nodes does not have any impact on the network throughput if the offered load in
the network is the same.

As a result, if we assume that slotted CSMA/CA ensures fairness among all competing nodes in terms of throughput, the

pet-flow throughput will decrease when the number of nodes increases.
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load for different number of nodes offered load for different number of nodes

Fig. 24 shows that the success probability in small and medium scale networks (with 10 and 25 nodes) is better than that
in larger-scale networks. This means that the collision avoidance mechanism is much better for a small number of
competing nodes, as we have discussed in Section 5.2, since the backoff delay is limited to 31 BPs. However, this is not
priceless. In fact, based on Fig. 25, the average delays are shown to be quite high for networks with 10 and 25 nodes as
compared to larger-scale networks (50, 100 and 200 nodes) in case of high offered loads. This is due to higher queuing
delays in small-scale networks, since the per-node offered load is high in this case (it is inversely proportional to the number
of nodes). There will be more frames that arrive from the application layer than those effectively sent to the network. This

impact can be reduced by using macMinBE = 0, as it has been shown in Section 5.2.
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Fig. 26 presents the utility function and shows that the optimal offered load range that ensures the best trade-off
between average delay and network throughput is G € [35%, 60%)]. Observe that, in this range, the tradeoff is achieved
similarly for the different node numbers (almost the same value of utility) with a small exception when the number of nodes
is equal to 10 (due to higher average delays), where the optimal range is limited to G € [35%, 60%].

Summary. In this section, we have shown that slotted CSMA/CA does not scale well with the size of the network. This
is basically due to the limitation of its backoff algorithm. The basic advantage of slotted CSMA/CA for small scale networks
is to provide high success probability.

However, small scale networks cannot deal with high offered load efficiently since they experience high delays.

5.4 Study 4 —impact of the frame size

The purpose of this section is to evaluate the impact of data frame size on the performance of slotted CSMA/CA.

We run the simulation test-bed, described in Section 3.2, for data frame sizes of 300, 500, 700, 900 bits. For each
configuration, we vary the inter-arrival times of the flows in each node to have different offered loads (see Section 3.2).
Each curve corresponding to a given number of nodes is obtained for thirteen different inter-arrival times (13 G values).
Figs. 27, 28, 29 and 30 present the network throughput, success probability, average delay, and utility (as defined in Eq. (3)),
respectively, as a function of the offered load G for different data frame sizes.

It can be conducted from Fig. 27, that the network throughput is better for longer data frames in high offered load
conditions. This is because the slotted CSMA/CA overheads (backoff delay, CCA and CCA deference) have more impact
on shorter frames, as it has been explained in Section 4. In fact, a successful transmission of a 900-bit data frame utilizes the
channel more efficiently than three successful transmissions of 300-bit data frames due to slotted CSMA/CA overheads.

Fig. 28 shows that the success probability is higher for longer frames. This is a consequence of having better network
throughput for longer frames. Observe that in most WSN applications, nodes transmit small amounts of data, which
typically results in small data frames. Based on these results, we conclude that it is very efficient to perform data aggregation
and send longer frames. The other advantage of aggregation is to reduce the amount of the protocol overheads (MAC

header, backoff delays and CCA), by sending one frame instead of two or three.
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In Fig. 29, it can be observed that the average delay experimented by long frames is a little bit higher. This is because
longer frames have longer transmission times than shorter frames. However, the variation is not significant even for high
offered load (less than 10 ms). In fact, during the transmission of a long frame, other nodes waiting for channel access will
go to backoff more often than with the transmission of a small frame, since the channel occupancy period in the former case
is higher. This results in higher backoff delays since the backoff exponent will increase leading to higher average backoff
delays.

Observe in Fig. 30 that the offered load corresponding to utility peaks slightly differs with the frame size. The optimal
offered load increases with the frame size. In this case also the range of offered load G € [35%, 60%] is the most suitable

for a best trade-off between delay and network throughput.
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Fig. 29. The average delay as a function of the offered load Fig. 30. The Utility as a function of the offered load for

for different frame sizes different frame sizes

For low offered loads, short frames lead to a better trade-off between network throughput and average delays, (greater
utility). However, for higher offered loads, the trade-off is achieved similatly for all the frame sizes.

Summary. In WSNss, if the global load of the network is lower than 60%, aggregation may be useless for ensuring higher
reliability since short frames have the advantage to produce similar throughput with lower average delays. In case of higher

offered loads, it is more convenient to send long frames by using aggregation.

6. Conclusions

In this paper we have proposed a comprehensive performance evaluation and analysis of the slotted CSMA/CA medium
access mechanism deployed by the IEEE 802.15.4 protocol in beacon-enabled mode.

We built a simulation tool to evaluate the impact of the following parameters on the petformance of slotted CSMA/CA:
(1) the slotted CSMA/CA ovetrheads, (2) the beacon order and the superframe order, (3) the initialization value of the
backoff exponent, (4) the number of nodes in the network (5) and finally the frame size.

We have studied the application of slotted CSMA/CA for broadcast transmissions in wireless sensor networks. The

basic conclusions are the following.
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e The backoff algorithm of slotted CSMA/CA is not flexible enough for large-scale sensor networks since the lower limit
of the backoff delay is always 0, preventing specific ranges for the backoff delays, and its upper limit cannot not exceed

31 BP, which is not sufficient to avoid collisions in large scale sensor networks;

e The optimal range of offered load that makes the best trade-off between network throughput/average delay (utility) is,

in general, G €[35%,60% .

e  Lower superframe orders introduce additional overheads due to more CCA deference and collisions after deference. It
is important to propose a solution for recovering from this simultaneous collisions with low superframe orders in order

to improve the throughput;

e Data aggregation is suitable in case of high offered load G250 % for providing high throughput, and thus improving

the reliability (success probability) without increasing too much the average delay.

Finally, this work paves the way for a full understanding of the slotted CSMA/CA mechanism and its efficient use in
WSNs. It also essential to improve the performance of this mechanism by introducing priority mechanisms and proposing

some add-ons to turn slotted CSMA/CA more flexible and fair for large-scale sensor networks.
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