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in indoor scenarios are the same than in the outdoor case:
Configuration A presents the lowest energy consumption rate
and Configuration C is the most energy consuming.

E. An Illustrative Comparison with TDMA-based Architec-
tures

In this manuscript, we refer to the IEEE 802.15.6 standard
and the slotted ALOHA medium access control. Due to its
random access strategy, this MAC protocol could be of less
interest if the traffic is high. In that case, a centralized, TDMA
access might be more interesting appealing. In this subsection,
we provide the reader with an illustrative comparison between
the slotted ALOHA and TDMA schemes, focusing on the de-
lay exhibited by both strategies—in fact, the throughput of a
TDMA scheme is equal to 1.

In a slotted ALOHA system, the delay is directly to amount
of (re-)transmissions needed to send (or forward) a packet.
More precisely, the average number of transmissions, can be
written can be written as:

E [r] =
∞∑
r=1

r Qr

where Qr is the probability of a successful communication
realized after exactly r transmissions (i.e., r� 1 unsuccessful
transmissions and a successful transmission). It can be ex-
pressed as:

Qr = (1� Ps)r�1 Ps.

In other words, r is a geometric random variable with param-
eter Ps and one obtains

E [r] =
1

Ps

where the link probability of success Ps depends on the sce-
nario (i.e., outdoor or indoor, position of the nodes, etc.) and
is given by relations (17), (18), and (19). Finally, the delay,
expressed in number of time slots, is DALOHA = E [r] = 1/Ps.

In a TDMA system, the delay DTDMA depends on the
amount of time to wait before a dedicated slot takes place.
In a generic approach, it can be supposed that a relay node
will allocate exactly one slot per sensor in order to receive
its data and a slot per sensor for the forwarding uplink. In
Fig. 15, the slots allocation (i.e., chronogram) is presented
for each relay (noted R1, R2, . . . , RN2

). The time slots have
a fixed duration of Ts (dimension: [s]. As can be seen from
Fig. 15, each relay needs a frame of N1 time slots to collect
the (possibly generated) packets from its N1 leaves. It then
need another frame (N1 time slots) to forward them to the
sink. At this point, it needs to rmain idle for (N2�2) frames,
as the sink is busy collecting the packets from the other
relays. This corresponds to assuming the same transmission
rates at leaves and relay, and the same TDMA-based approach
at first and second layers. Therefore, the distance between
two consecutive slots assigned to a given leaf is equal to
N1 · N2 slots: when a leaf generates a packet, it needs to
wait a number of slots between 0 (its slot is the current one)
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Fig. 15: TDMA chronogram.
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Fig. 16: Average delay at the relay nodes for TDMA (expression
(32)) and slotted ALOHA schemes as functions of sensor
probability of transmission.

and N1 ·N2�1 (its slot just passed).4 As each number of slot
has the same probability, the average delay (expressed in time
slots) experienced by a given leaf node is

DTDMA =
1

N2 ·N1 � 1

N2·N1�1∑
i=0

i

=
N2 ·N1

2
. (32)

The above derivation for DTDMA represents an “average” sce-
nario where a node generates at most a packet in an interval
equal to N1 ·N2 time slots: this corresponds to requiring that
λ ≤ 1/(N1 ·N2 ·Ts). In this case, expression (32) for the delay
is correct. If, on the other hand, λ > 1/(N1 · N2 · Ts), then
it means that as soon as a leaf has transmitted a packet to its
relay, it is likely to generate shortly a new packet, which will
wait a period longer than (32). In general, it can be stated that

N2 ·N1

2
≤ DTDMA ≤ N2 ·N1.

In Fig. 16, the average delay (expressed in contention time
slots) incurred by a leaf to reach its relay is shown as a function
of the transmission probability q. All curves refer to an indoor

4We assume that packet generation is at the beginning of a slot.




