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Abstract—This letter evaluates the performance of the slotted
Aloha protocol defined by the European Telecommunication
Standard Institute (ETSI) SmartBAN specification, under satura-
tion conditions. For this purpose, we develop a two-dimensional
Discrete Time Markov Chain (DTMC) to model the operational
details of the protocol and assess its performance in terms
of saturation throughput and average end-to-end delay. The
accuracy of the proposed model is validated by means of
simulation which reveals a very good match among theoretical
and simulation results. The model can be used for protocol
performance prediction and optimization purposes.

Index Terms—slotted Aloha, SmartBAN, discrete time markov
chain, saturation throughput, end-to-end delay.

I. INTRODUCTION

W IRELESS Body Area Networks (WBANs) are de-
signed to operate on or within the human body. Their

typical use-cases include health monitoring for well being or
sporting activities and extend to military and rescue operations
[1], [2]. The typical architecture of a WBAN involves a
number of in or on-body sensors that communicate with a
central node (coordinator or hub) to deliver their recorded data.

The IEEE 802.15.6 [3] and the ETSI SmartBAN [4] are
two of the most popular standards that define the functional
characteristics of WBANs at the Physical (PHY) and Medium
Access Control (MAC) layers. Both standards define a Slotted
Aloha Channel Access (SACA) mechanism that allows a ran-
dom access to the wireless medium under specific transmission
rules. The MAC-layer of SmartBANs is designed to support
configurable Quality of Service (QoS) provisioning by offering
four User Priorities (UPs) [5]. A node can have its traffic
assigned to one of the available UP s which are related to
specific MAC-layer parameters that influence the node’s prob-
ability to access the medium [6]. Thus, traffic differentiation
can be achieved in different use-cases. A collection of typical
use-cases of ETSI SmartBANs can be found in [7].

According to the SmartBAN specification, the primary
scope of SACA is to be used for management frames trans-
mission during the Control and Management (C/M) period.
Nevertheless, SACA can also be exploited by the participating
nodes to transmit data frames. Hence, a saturation throughput
analysis of the SACA period will provide valuable insights
on its maximum capability to deliver network traffic. While
such studies are available in the literature for the IEEE
802.15.6 standard [8], [9], an equivalent investigation has not
been detected for the ETSI SmartBANs. Some MAC-layer
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performance related studies for SmartBAN technology exist
[10], [11], but none of them address SACA. Furthermore,
besides being an unexplored issue, examining the protocol’s
peak performance will provide a reference point from which
optimization efforts can be initiated.

In this paper, the saturation throughput performance of the
slotted Aloha version, as specified by the ETSI SmartBAN
standard, is investigated and is accompanied by a delay
analysis. Based on the renowned work of G. Bianchi in
performance modeling of MAC protocols in wireless networks
[12], we illustrate the operational specifics of the SACA period
with the aid of a two-dimensional DTMC, which enables
a classical Markovian analysis. This leads to an expression
for the stationary transmission probability that a SmartBAN
node transmits in a randomly chosen time slot, which is,
thence, used to provide an estimation of the saturation through-
put per UP . Furthermore, the proposed DTMC effectively
captures the delay dynamics of the SACA period allowing
the evaluation of the average delay experienced by packets
belonging to different traffic categories. The model’s capability
to deliver credible results is validated via a customized simu-
lator specifically developed for this purpose. According to our
literature research, no study exploiting a Markovian analysis
to model the operation of SACA in ETSI SmartBANs has
been discovered. The proposed model can be used to assess
the system’s capability to deliver satisfactory QoS levels under
different use-cases. Moreover, it can be used for fine-tuning
the MAC-layer parameters of the protocol in order to optimize
its performance.

The rest of this letter is structured as follows. In Section II
an overview of the SACA, as defined by the ETSI SmartBAN
standard, is provided. In Section III, the considered system
model is described and Section IV presents the proposed
analysis. Section V includes the numerical and simulation re-
sults. The paper is concluded with Section VI with concluding
remarks.

II. OVERVIEW OF THE SACA IN ETSI SMARTBAN

The slotted Aloha version in SmartBAN differs from the
classical slotted Aloha protocol since it incorporates a trans-
mission probability reduction mechanism based on the number
of failed transmission attempts.

A node that has a data or a management frame ready
for transmission, can initiate a SACA based on the value of
Contention Probability (CP), which represents the likelihood
of that node accessing the medium (i.e., transmitting) at the
start of a given time slot [6]. CP is denoted in this work
as α. Probability α can take discrete values in the range
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Fig. 1. The proposed two-dimensional DTMC.

[CPmin, CPmax]. The values of CPmin and CPmax depend
on the UP of the node’s traffic, as defined by the standard.

A node with a frame ready for transmission, waits for the
start of a time slot and chooses its α value according to the
following rules [5]:

• if this is the node’s first SACA attempt or its last SACA
attempt was successful, then α = CPmax.

• if the node’s last SACA attempt was unsuccessful:
– if the total number of unsuccessful attempts hitherto

is an even number and α ≥ 2× CPmin holds, then
α = α/2. Otherwise, α retains its current value.

– if the total number of unsuccessful attempts hitherto
is an odd number, then α remains unchanged.

The standard dictates the emission of a positive (ACK) or a
negative (NACK) acknowledgment frame from the receiving
device based on the acknowledgment policy indicated in the
received data frame. Selecting the NACK policy will trigger
the transmission of a NACK frame only when the data frame
is received with errors. Otherwise, no acknowledging frame
will be produced by the receiver.

III. SYSTEM MODEL

In this work, a SmartBAN system with n number of nodes
is assumed. Note that the standard indicates that the maximum
number of nodes supported in a SmartBAN is set to 16
but recommends a system with 8 stations. The nodes are
connected to the coordinator (hub) in a star topology. The
NACK acknowledgment policy is considered and the channel
is assumed error-free (an assumption that is typically adopted
in similar studies [8], [9], [12]). Thus, no acknowledgment
frames are produced by the receiving device. All nodes always
have a data frame ready for transmission (i.e., they operate
in saturation conditions) and their data frames may occupy
a single or multiple equally sized time slots. Subsequent
fragments of a frame that exceeds the slot length also content
for medium access at the start of future time slots. Lastly, we
consider the case where every node in the system produces
traffic that belongs to the same UP (i.e., a homogeneous
network).

TABLE I
CPmin , CPmax AND r VALUES FOR DIFFERENT UPS

User Contention Probability Maximum
Priority CPmax CPmin Retransmission Stage, r
0 (low) 1/8 1/16 2
1 (mid) 1/4 1/16 4
2 (high) 1/2 1/8 4

3 (emergency) 1 1/2 2

IV. ANALYSIS

Based on the set of operational rules of the ETSI SmartBAN
slotted Aloha outlined in Section II, it can be seen that α
is set at CPmax for the initial transmission of new packet
and will reach the CPmin value after a specific number
of retransmission attempts. For every other retransmission
attempt α is halved until it reaches CPmin. Any new failed
retransmission from that point onwards will keep the value
of α unchanged. We refer to that point as the CPmin stage,
r. Hence, r = CPmax/CPmin. The values of CPmin, CPmax
(according to the SmartBAN specification) and r for different
UP s are summarized in Table I.

Focusing on a saturated node during a randomly selected
system slot, that node may be at a particular retransmission
stage. Furthermore, that node may be either at a transmitting or
waiting (deferring transmission) state. If it is transmitting, the
transmission may be successful or unsuccessful. This situation
can be modeled as a two-dimensional DTMC. The proposed
DTMC to model the slotted Aloha functionality is depicted in
Fig. 1. The DTMC consists of a series of states (i, j) with i ∈
{0, 1, ..., r} and j ∈ {0, 1}. States (i, 0) represent transmission
states and states (i, 1) represent waiting (deferring) states.

Let us denote with τ a nodes’ probability to transmit a
packet in a randomly chosen time slot. Let us, also, denote
with p the collision probability of a randomly chosen packet
conditioned to the event that is being transmitted, which we
consider to be constant and independent of any previous
collision instances [12]. Hence:

p = 1− (1− τ)n−1. (1)
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With respect to the DTMC in Fig 1, the one-step transition
probabilities are:

P{k, 0|k − 1, 0} = αkp for k ∈ [1, r]

P{k, 0|k, 1} = αk for k ∈ [0, r]

P{0, 0|k, 0} = (1− p)α0 for k ∈ [1, r]

P{r, 0|r, 0} = αrp

P{k, 1|k − 1, 0} = (1− αk)p for k ∈ [1, r − 1]

P{k, 1|k, 1} = 1− αk for k ∈ [0, r]

P{0, 1|k, 0} = (1− p)(1− α0) for k ∈ [1, r]

P{r, 1|r, 0} = (1− αr)p.

(2)

The first four equations describe, probabilistically, the ways
a node is found in the transmission state of a specific re-
transmission stage. The next four expressions model the other
alternative, i.e., all the cases where a node ends up in the
deferral state.

Given the slotted Aloha rules specified in the standard,
probability α in every retransmission stage is given by:

αk =
CPmax
2bk/2c

for k ∈ [0, r]. (3)

Denoting as si,j the probability of state (i, j), it is easy
to show that for the DTMC shown in Fig. 1 the following
equations hold for transmission states:

sk,0 = pks0,0 for k ∈ [1, r − 1], (4)

sr,0 =
pr

1− p
s0,0. (5)

For deferring states:

sk,1 =
1− αk
αk

pks0,0 for k ∈ [1, r − 1], (6)

s0,1 = (1− α0)s0,1 + (1− α0)(1− p)
r∑

k=0

sk,0

=
1− α0

α0
(1− p)s0,0

[
1 + p+ p2 + ...+ pr−1 +

pr

1− p

]
=

1− α0

α0
s0,0, (7)

and

sr,1 = (1− αr)sr,1 + (1− αr)psr−1,0 + (1− αr)psr,0

=
1− αr
αr

pr

1− p
s0,0. (8)

Given the normalization condition:

1 =
r∑

k=0

sk,0 +
r∑

k=0

sk,1

= s0,0

[ 1

1− p
+

1− αr
αr

pr

1− p
+

r−1∑
k=0

1− αk
αk

pk
]
⇒

s0,0 =
1

1
1−p +

1−αr

αr

pr

1−p +
∑r−1
k=0

1−αk

αk
pk
. (9)

Now, the transmission probability, τ , is expressed as:

τ =

r∑
k=0

sk,0 =
s0,0
1− p

=
1

1 +
∑r
k=0

1−αk

αk
pk −

∑r−1
k=0

1−αk

αk
pk+1

. (10)

We can particularize the above expression for the different
UP s defined under the SmartBAN standard by expanding the
sums in the denominator of (10), considering the values of r
in Table I and utilizing (3):

τ =


CPmax
1 + p2

for UP = 0 and UP = 3

CPmax
1 + p2 + 2p4

for UP = 1 and UP = 2.

(11)

Equations (1) and (11) can be solved to obtain the values
of τ and p for the different UP s, which can be used to
obtain the probability that a given time slot is occupied with
a successful transmission. Now, the normalized throughput,
S, can be expressed by this probability in order to reflect the
fraction of time slots that are effectively utilized for successful
transmissions. Hence, as also given by [8], :

S = nτ(1− p) = nτ(1− τ)n−1. (12)

A. Delay analysis

Packet delay can be defined as the time required for a packet
to be received successfully, starting from the time instant the
packet is placed in the head of the transmission queue. This
period will include idle and collision slots that the packet
will experience until it successfully reaches its destination.
The procedure will continue until a maximum number of
retransmission attempts is reached, after which, in the case of a
collision, the packet gets dropped and no delay is measurable.
However, the SmartBAN standard does specify such value
and we consider the theoretical case of infinite retransmission
attempts.

Based on the DTMC and concentrating on a specific node,
the average number of time slots that node spends in deferring
a packets’ transmission in retransmission stage i, until it finally
attempts its transmission, is simply αi

∑∞
j=1 j(1 − αi)j−1 =

1
αi

. That transmission may be successfully delivered or it
may collide. The former case will signalize the end-to-end
delay for that packet. The latter case will lead to the next
retransmission stage which will add, on average, 1

αi+1
time

slots to the already accumulated time slots from the previous
stage(s). The same cases as before are applicable in this new
retransmission attempt.

Hence, the average delay, expressed in time slots, for a
packet belonging to a specific UP , is:

E[D] =

r−1∑
i=0

pi(1− p)
( i∑
j=0

1

aj

)
+

∞∑
i=0

pr+i(1− p)
[(r−1∑

j=0

1

aj

)
+ (i+ 1)

1

ar

]
. (13)
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After some algebraic manipulations and simplifications on
(13), one can particularize the average delay experienced by
packets belonging to a specific UP as below:

E[D] =


1 + p2

CPmax(1− p)
for UP = 0 and UP = 3

1 + p2 + 2p4

CPmax(1− p)
for UP = 1 and UP = 2.

(14)

Alternatively, one can reach (14) following a more intuitive
way. The probability that a specific node ends up with a
successful transmission, Ps, is simply τ(1 − p). Given the
constant and equal size of transmission, collision and idle slots,
the average delay experienced by a packet transmitted by that
node, expressed in time slots, is mathematically described as:

E[D] = Ps

∞∑
i=1

i(1− Ps)i−1 =
1

Ps
=

1

τ(1− p)
, (15)

which leads to (14) for the available UP s.

B. Remarks

In the case of τ = 0, no node transmits any data frame,
and if τ = 1 when n > 1 (e.g., by tampering with the SACA
rules), transmitted data frames collide with 100% certainty
(p = 1). In both cases, no throughput is achieved, and no
delay is measurable. While (12) reflects these extreme cases, in
terms of saturation throughput, (14) and (15) cannot describe
them, with regard to packet end-to-end delay. Thus, (14) and
(15) hold when 0 < τ < 1 for n > 1 and when τ > 0 for
n = 1.

V. MODEL VALIDATION AND RESULTS

Four different scenarios (one per UP ) were considered with
UP -homogeneity in the system. In each scenario, the number
of participating nodes in the system is increased gradually
from one to 16, which is the maximum supported number in a
SmartBAN network. For each node population size, a theoret-
ical and a simulation-based value of the normalized saturation
throughput and average end-to-end delay are obtained. The
corresponding simulation derived values, were produced by
a simple customized slotted Aloha simulator which was de-
veloped in Python programming language. The simulator was
based on a simple classic slotted Aloha simulation program
freely available in Github [13] and whose ability to produce
credible results was confirmed. That simulator was retrofitted
with the operational details of the slotted Aloha version
defined in the ETSI SmartBAN standard. For each simulation
run, a total of 105 equally sized slots were considered. This
value allowed the simulation program to generate smoother
average values. Higher numbers extended the simulation time
with no significant benefits.

The comparison among the theoretic and the simulation-
based values of the saturation throughput are depicted in Fig.
2, where a very good match can be observed. Furthermore,
figures 3, 4 and 5 present how τ , p and E[D] are influenced

Fig. 2. Normalized throughput versus the number of nodes for the different
UP s.

Fig. 3. Transmission probability versus the number of nodes for the different
UP s.

by the network size, respectively. As before, the graphs reveal
an excellent match among the values produced by the proposed
model and by simulation.

The higher the UP , the higher the transmission and collision
probabilities and the higher the rate that the saturation through-
put decreases as the network grows. UP = 3, which is used
to facilitate emergency traffic (e.g., emergency alerts based
on vital sign monitoring), is particularly aggressive in terms
of transmission probability and its performance deteriorates
exponentially as the number of nodes with that type of traffic
increases. The remaining UP ’s exhibit a smoother throughput
variation as the number of nodes rises and we can expect a
system capacity utilization of around 40% when the system
reaches the maximum recommended number of stations (i.e.,
8 nodes).

In terms of average delay (see Fig. 5), traffic which belongs
to UP s 0, 1 and 2 experiences similar performance, especially
when the number of nodes remains below the recommended
value of 8 nodes. On the other hand, when the network services
high priority traffic, the measured average delay suffers a rapid
deterioration.
UP = 0 and UP = 1 exhibit similar and smoother perfor-

mance (Fig. 2 and Fig. 5) due to their low CP values (Table
I), which allows them to easily resolve conflict situations.
UP = 2, that has the second highest CPmax value (1/2),
will more frequently be involved in conflict situations, as the
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Fig. 4. Collision probability versus the number of nodes for the different
UP s.

Fig. 5. Average end-to-end delay (measured in time slots) versus the number
of nodes for different UP s.

number of competing nodes gets larger. However, having an
r value of 4, will reduce its contention probability twice (see
Section II and Table I), in the case of consecutive collision
events, before it settles to its corresponding CPmin value.
Since CPmin of UP = 2 is also relatively low (1/8), it
provides it with the ability to recover from collision events.

On the contrary, emergency UP (UP = 3) is assigned with
the highest CP parameters. This renders the nodes producing
that kind of traffic contention-persistent. Combined with an
r value of 2, the transmission probability of the emergency
UP tends (Fig. 3) to rest on its assigned CPmin value very
quickly (n > 2). The outcome, as depicted in Fig. 4, is a
sharp increase in collision probability and, ultimately, a rapid
deterioration of its throughput and delay performance.

Based on these observations, it would not be advisable for
sensor nodes, that frequently require channel access, to be
configured with the highest UP , especially when their number
becomes large. Instead, assigning to them a lower UP value
would be a wiser choice.

VI. CONCLUSIONS

This paper investigated the throughput and delay perfor-
mance of the slotted Aloha channel access method defined

in the ETSI SmartBAN standard under saturation conditions.
The analysis utilized a two-dimensional Discrete Time Markov
Chain to model the performance of the protocol which effec-
tively captures the dynamics of the slotted Aloha version of
SmartBANs. The accuracy of the proposed model is validated
by means of simulation and both theoretical and simulation
results exhibit a very good match. The proposed model can
be used to estimate the maximum performance capabilities,
in terms of saturation throughput and average packet end-
to-end delay, of the slotted Aloha protocol for the different
user priorities specified by the standard. Future work will
include the modification of the proposed model to assess the
performance of slotted Aloha in heterogeneous SmartBANs
(i.e., network with traffic belonging to different UP s) and in
the presence of non-ideal channel conditions. Moreover, the
capability of the protocol to efficiently support different use-
cases of the SmartBAN technology will also be investigated.
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