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Abstract—In this study, a receiver initiated cooperative
medium access control (RIC-MAC) protocol is proposed for
cooperative communications to reduce the energy consumption of
wireless sensor networks (WSNs). Considering a real WSN plat-
form, the simulation results show that using the proposed RIC-
MAC protocol in cooperative communications provides latency
and energy gains as compared to multi-hop communications.
However, the energy gain is shown to be reduced when the
network traffic load increases. Finally, considering the impact
of traffic load on energy consumption and latency, RIC-MAC
is illustrated to be robust to traffic load variations in terms of
latency.

I. INTRODUCTION

Studies on wireless sensor networks (WSNs) have impres-
sively attracted many researchers due to advances in integrated
circuit technology. WSNs are expected to be low-cost, reliable
and easy to deploy. Each node in a WSN is powered by a small
battery that may not be rechargeable or renewable for a long
time. Therefore, the energy consumption is the most critical
constraint in WSNs. To preserve energy, many efforts are
proposed in the literature for energy-efficient MAC protocols,
since the MAC protocol is responsible for regulating the shared
wireless medium access of the networks. Among them, Low
Power Listening (LPL) or preamble sampling techniques, in
which regular sleep periods are scheduled for each node, are
among the best strategies to satisfy the energy constraint of
WSNs [1]-[5].

Cooperative relay techniques have been widely considered
due to their simplicity and their good performance [6]. In
cooperative relay networks, the destination receives signals
from different nodes through independent fading channels.
Therefore, the performance of the networks is increased, which
leads to a reduction in the transmission energy [7]. This is the
reason why cooperative relay is identified as a core technique
to minimize total energy consumption in WSNs. Considering
the parameters of RF circuits with an ideal MAC proto-
col, the comparison between cooperative and non-cooperative
transmission schemes in terms of energy efficiency has been
explored a lot in the literature [8]-[11]. In [8], the impacts of
cell radius, relay position, number of relays and target data
rate are investigated for cooperative systems using low-cost
fixed relays. A thorough comparison on energy efficiency of
single-hop, multi-hop and cooperative transmissions in WSNs
is derived when the receiver is constrained by packet loss
and end-to-end throughput [9]. In [10], an energy efficient
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cooperative multicast transmission scheme with power control
is proposed to obtain a balance between system throughput and
energy consumption. The application of energy-efficient coop-
erative techniques for intelligent transport system networks is
illustrated in [11].

The above mentioned articles, however, always consid-
ered ideal MAC protocols (e.g. no packet control, no col-
lision and no retransmission, etc.). Energy-efficiency evalu-
ation of some MAC protocols in cooperative systems are
considered in [12]-[16]. In [12], a cooperative MAC proto-
col combined with physical layer power/rate control is pro-
posed to reduce energy consumption. Non-cooperative Hybrid-
Automatic-Repeat-ReQuest (HARQ) and cooperative HARQ
are considered in [13]. In [14], the HARQ protocol is analyzed
in conjunction with hybrid relaying schemes from an energy
efficiency perspective. A cooperative MAC (CoopMAC) for
wireless LANs, in which high data rate stations assist low data
rate stations in their transmission by forwarding their traffic,
is proposed in [15]. CoopMAC is improved by facilitating
cooperative signal combining at the destination and employing
two relays in the context of a successive relaying technique in
[16].

Previous works proposed MAC protocols supporting coop-
erative relay techniques. However, most of them extend the
IEEE 802.11 standard for cooperative relay networks. Unlike
other networks, WSNs are low power and lossy. Therefore,
the design of low-power cooperative MAC protocols is now
very essential for WSN applications. The initial work on this
problem has been considered in [17]. A cooperative low-power
MAC (CL-MAC) protocol for WSNs is proposed. However,
CL-MAC protocol is initiated by the transmitter which may
lead to bad performance under strong fading conditions [4].
Moreover, in CL-MAC, a perfect timing for node synchro-
nization which is somehow difficult to implement in real
WSN applications is strictly required. To overcome these
missing gaps, in this paper a receiver initiated cooperative
MAC (RIC-MAC) protocol is proposed for cooperative WSN
communications.

The contributions of the paper are:

1) A new low power cooperative MAC protocol, RIC-MAC,
in which the strictly required node synchronization is
relaxed, is proposed to prolong the lifetime of WSNs.

2) The energy consumption is precisely evaluated through
parameters extracted from a real radio platform (i.e.
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PowWow platform [18]), whereas other papers normally
use an artificial energy model (e.g. [19], [20]).

3) A comparison of energy consumption between single-hop
Single-Input Single-Output (SISO), multi-hop SISO and
cooperative relay systems is given for ideal and real MAC
protocols to show the significant impact of the MAC layer
on the total energy consumption.

4) The latency is also considered, since energy consumption
in WSNs is usually minimized subjected to some latency
constraints. Moreover, the traffic load is also shown to
have a considerable impact on energy and latency.

The rest of this paper is organized as follows. Section II
presents system models. The RIC-MAC protocol, followed
by energy and latency analysis, is thoroughly detailed in
Section III. Energy consumption and latency simulations of
the systems using ideal or real MAC protocols are derived in
Section IV and, finally, conclusion is given in Section V.

II. SYSTEM MODEL

In this paper, a typical cooperative relay model (Fig. 1)
which has one source (S), one relay (R1) and one destination
(D) is considered. All terminals are only equipped with one
antenna. Regenerative relays are used in the multi-hop SISO
and cooperative relay models. After receiving signals from the
source, the relays will decode the signals and then forward the
decoded signals to the destination. The relays are uniformly
distributed between S and D and the distance between S and
D is denoted as dsqy. We assume that all communications are
performed over a flat Rayleigh fading channel and that the
transmit power is equally allocated among the transmitters
(e.g. source and relays). Ideal channel state information (CSI)
is known at the receiver, but not at transmitters. Using a
common transmission model, the signal to noise ratio (SNR)
of the link from node i to node j is v;; o d;;* where d;;
is the distance between ¢ and j and o = 2 is the path-loss
exponent. A BPSK modulation is considered.
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Fig. 1. SISO, multi-hop SISO and cooperative relay models

ITI. RIC-MAC PROTOCOL
A. Communication protocol

In RIC-MAC, the packet exchanges are initiated by the
targeted node. Each receiver node D periodically wakes up and

if the channel is free, transmits a tagged wakeup beacon (WB)
and then monitors the channel for M time slots to receive a
request-to-send (RTS) packet. When a source node S needs
to transmit some packets to D, it first needs to listen to the
channel and wait for the WB of D. Then, S sends a buzz signal
(BZ) right after the WB to initiate the communication with D.
After sending BZ, S randomly chooses one of the M slots to
transmit its RTS and waits for a clear-to-send (CTS) from D.
If D does not receive BZ, it returns to sleep to reduce energy
waste of monitoring the M slots.
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Fig. 2. RIC-MAC protocol for cooperative communications when the relay

wakes up before the destination (a) and vice versa (b)

The principle of the RIC-MAC protocol is shown in Fig. 2.
Each S-D transmission takes advantage of a fixed relay node
R1 to enhance communication performance. When S wakes
up, it senses the channel to know whether R1 or D is awake.

o Case 1: R1 wakes up before D

1) R1 transmits WB and waits for RTS packets from S if
it receives BZ; otherwise it returns to sleep.

2) After receiving RTS1, R1 sends CTS to S and waits
for RTS/CTS exchange between S and D.

3) S sends BZ then RTS2 to D when it receives WB from
D.

4) If S and R1 receive CTS from D, S starts to transmit
data to D and R1. Then R1 decodes data, forwards
them to D then goes to sleep. Otherwise, S and Rl1
return to sleep.

5) When D gets data from R1, it sends ACK to S to end
the communication. If ACK is not received by S, S
returns to sleep and waits for another period to resend
data to D.

o Case 2: RI wakes up after D.
The communication protocol is nearly the same as case
1, but with D receiving RTS1 from S and R1 receiving
RTS2 from S.
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In our scheme, there are three types of RTS packet (i.e.
RTSO0, RTS1 and RTS2).

e RTSO is for SISO, multi-hop SISO communications.
e RTSI1 and RTS2 are reserved for the cooperative relay
communication.

The role of a terminal acting as a relay or a destination is
included in the address field of RTS0O, RTS1 and RTS2 packets.
X may receive RTSO, RTS1 and RTS2 in the same wakeup
period from different sources. To minimize the power con-
sumption of monitoring, X will choose the source depending
on the priority order of RTS packets (RTS2 > RTS1 > RTSO0).
If X receives the same type of RTS packets (e.g. RTSO or
RTS1 or RTS2), it will randomly choose a source to make a
connection by sending the CTS packet. The other sources will
go to sleep and wait for another period to communicate with
X.

B. Energy consumption analysis

In our system, we assume that each node has n neighbors
and only one potential destination node. RTSO, RTS1 and
RTS2 have the same packet length. RTS (including RTSO,
RTS1 and RTS2), CTS, DATA, ACK, WB and BZ packets
take respectively TRTS’ TCTS7 TDATA, TACK; TWB and TBZ
seconds to transmit. The propagation delay and decoding time
at R1 are assumed to be negligible compared to the transmis-
sion time. All packets except for BZ include a preamble for
bit synchronization that takes 7;, seconds. 7' is the wakeup
period of nodes. The network traffic is assumed to have a
Poisson distribution with mean of A packets per second per
node.

In order to evaluate the energy consumption of the protocols,
MAPLAP MAC and Gilbert-Elliot channel models [4] are
considered. Let Py, Py, Pugq, Pynn and Py, be the power
consumption levels of the transceiver while transmitting, re-
ceiving, acquiring the preamble, monitoring the channel and
powered off. Let 0t, 0yz, Oaq, Omn and d5,, be the average time
of being in the above states for one successful communication.

The expected number of WBs transmitted in one second,
E [NW B] is

E[Nwp] =(1 = p,) (1 = X (E[W] + 2MTrrs
+2Tcrs +2Tpara + 2Tack))/T
where A = A\/(ma(1 — peo)) is the scaled traffic load due

to retransmissions of the entire session caused by channel
fading which is represented by the average probability being

G

(D

in good state 7, and collision rate pco; ppy = 1 —

(EINwB]Tws + MTrrs + Ters + Toara + TAC’K)))
is the probability that a node detects the channel to be busy
before transmitting a WB and backs off until 7" seconds later.

The expected waiting time until a node successfully receives
a WB is

1 PWB

EW]= (g5 + 1 —

T)/prrs (2)

with prrs = (1 — ppy)(1 — p1)(1 — p2)7me the probability
that an RTS is successfully reQSponded with a CTS, where p; =
e M 4 )\e*/\T%% + @e’/\T( (M_B[(«jw_?) % + %_21) is
the probability that RTS is collided or is not chosen by the
target node and po = 1 — (1 — ATy )" is the probability
that the expected CTS collides with a WB; pyyp =1 — (1 —
Dby)(1 —m¢) is the probability that a WB fails to be received
due to busy channel or fading channel.

The total energy consumption per successful transmission
FEotq1 for cooperative relay system with RIC-MAC can be ap-
proximated from the above expressions and can be expressed
as follows:

Otz :2E[NWB]TWB + )\/((QTRTS + 2Tcrs
+2T5z)/prrs +2Tpara + Tack) 3)
Orz =2E[NBz]TBZ + )\/((3TWB + 3T Rrrs + 2TCTS)

8
/prTs +3TpaTA + Tack — (—— +4)T,) @)
PRTS

Saq =X ((8/prrs + 4)T.) 5)
Spn =2E[Npz|MTrrs + 2(E[Nwg] — E[Nsz))Tsz
+ 3\ E[W] (6)
Ssp =1 = 1z — O — Bag — G, (7)
Etotal =05 Py + 0ra Pra + 0agPaq + OmnPrn + dspPsp
3

where the expected number of BZ that a node receives in
one second is E[Npz] = /\l/pRTS +n\ (Ters +Tpz)/T.

In RIC-MAC, the average latency L of a successful trans-
mission (including retransmissions if necessary) is derived as

L=2Twpg+2MTrrs +2Tcrs + 3 * Ew/(l —pf5)
+pysT/(1 = pgs) + 2Th,

with pps = 1 — prrs(1 — pyy) e, the handshake failure
rate due to busy channel or channel fading.

(©))

IV. SIMULATION RESULTS

In terms of real MAC protocols for the following simu-
lations, whereas RIC-MAC is used for the cooperative relay
system, RICERS5b [5] is used for SISO and multi-hop SISO
systems, since RICERSb can be considered as a reference for
receiver-initiated MAC protocols. The simulations are done
using a strong fading channel model with the same parameters
as in [5]. BZ and DATA packets need respectively 4 and
230 bits while all other packets use 60 bits. The wakeup
period T' is modified depending on the traffic load to get the
region of interest in which the energy consumption decreases
with increasing latency. Number of RTS slots is M = 2 and
neighbor nodes is n = 7.

A. Artificial energy model

Considering ideal (Fig. 3) and real MAC protocols (Fig.
4), the comparison of energy consumption between SISO and
cooperative relay systems is given based on an artificial energy
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model [19]. Fig. 3 shows that with an ideal MAC protocol,
the cooperative relay system can get an energy gain of 60%
in comparison with SISO system at a transmission distance
dsq = 30m. However, Fig. 4 shows that cooperative relay
systems have no energy gain as compared to SISO systems
due to the complex MAC protocols of cooperative systems.
This demonstrates a significant impact of the MAC protocol
on the total energy consumption of the systems.
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Fig. 3. Comparison of energy consumption between single-hop and cooper-
ative relay using ideal MAC protocols (artificial energy model)
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Fig. 4. Comparison of energy consumption between single-hop and cooper-
ative relay using real MAC protocols (artificial energy model)

B. Energy model based on a real platform

The impact of the MAC protocol can be clearly demon-
strated through an artificial energy model. However, this does
not give us a precise estimation since it is practically im-
possible to perform a successful transmission at any distance.
Considering a real platform, e.g. PowWow, Fig. 5 shows that
each model has a maximum transmission distance depend-
ing on the desired BER, the maximum transmit power of
the transceiver, i.e. CC2420 and the transmission protocol.
Considering the PowWow platform, a direct SISO system
with BER = 107° has a maximum transmission distance
of only 14.5m. The energy consumption comparison between
SISO and cooperative relay when dgq > 14.5m is somehow
meaningless. Since only 3-hop SISO and cooperative relay
can get a transmission distance over 30m, they will be used
to make a comparison on energy consumption. Using an ideal

MAC protocol, the cooperative relay system translates into a
35% energy consumption gain in comparison with the 3-hop
SISO system (Fig. 5).

3
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Fig. 5. Comparison of energy consumption between multi-hop and cooper-

ative relay using an ideal MAC protocol (energy models based on PowWow
platform)
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Fig. 6.  Comparison of energy consumption between multi-hop and coop-
erative relay using real MAC protocols (energy models based on PowWow
platform) in low traffic load networks

The energy consumption for cooperative and non-
cooperative MAC protocols are given in Fig. 6 (at low traffic
load) and Fig. 7 (at high traffic load).Thanks to the channel
diversity of the cooperative relay system, the source S can still
communicate with the destination D for a distance dzq = 30m.
This due to the fact with the help of the transmission from
R1, the whole cooperative relay system can get the desired
BER = 107 for dyq = 30m. On the one hand, the energy
gain of cooperative relay over SISO decreases when using real
MAC protocols, i.e. 33% (Fig. 6) instead of 35% (Fig. 5).
As the traffic load increases (e.g. A = 0.5) this gain is only
22% (Fig. 7). The complex MAC protocol of the cooperative
relay system with many packet transmissions for establishing
the rendez-vous between nodes, obviously gets into trouble
for high traffic load. So, unlike the consideration on energy
consumption with an ideal MAC protocol in which cooperative
relay system always gets energy gain over SISO system in long
range transmission distance, our results show that the energy
gain is significantly affected by MAC protocols and traffic
load. However, the precise evaluation of energy consumption
on a real platform (i.e. PowWow) still confirms the interest
of cooperative relay system over SISO and multi-hop SISO
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system. On the other hand, in terms of latency, RIC-MAC
protocol makes cooperative relay systems have low latency in
comparison with multi-hop SISO sytems.

s 12 T
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Fig. 7. Energy consumption with real MAC protocol (PowWow platform)
in high traffic load networks

C. Impact of traffic load on latency and energy

The impact of traffic load on energy consumption and
latency of RIC-MAC is shown in Fig. 8. With a fixed wakeup
period T' (second), when the traffic load increases, the energy
consumption increases as well. However, the latency is almost
the same which means that RIC-MAC is robust to traffic
load variations in terms of latency. Unless otherwise state, the
following simulations are always considered as dgsq = 30m.
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Fig. 8. Energy and latency of RIC-MAC as a function of .

It is well-known in the literature that it exists an op-
timal wakeup period T°P%, which gives the best trade-off
between the energy consumption and the latency of the
communications, as mentioned in [21]. The comparison of
energy consumption between cooperative RIC-MAC and 3-
hop RICERS5b communications in the above results is taken
at T°Pt. A thorough consideration of the energy consumption
of the communications as a function of A at T°P! is given in
Fig. 9. The energy consumption will increase quickly when
A increases. As seen in the figure, cooperative RIC-MAC
communications always have better performance than 3-hop
RICERSb communications in terms of energy consumption
no matter what \ is.
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Fig. 9. Energy consumption of cooperative RIC-MAC and 3-hop RICERSb
at TPt versus A

On the other hand, Fig. 10 shows us another view on
the energy consumption of the communications versus A in
terms of the energy gain of cooperative RIC-MAC over 3-hop
RICERSD. Seeing the increase of A, the difference of energy
consumption between the communications increases (Fig. 9)
while the energy gain of cooperative RIC-MAC over 3-hop
RICER5D decreases (Fig. 10). That means the lower A is, the
more energy is saved by cooperative RIC-MAC compared to
3-hop RICER5b. Cooperative RIC-MAC is, therefore, more
advantageous at low traffic modes.
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Fig. 10. Energy gain of cooperative RIC-MAC over 3-hop RICERSb at T°P*
versus A

Besides, the impact of traffic load on latency of the com-
munications at T°P? is also considered in Fig. 11. When X in-
creases, the latency of the communications logically decreases.
As shown in Fig. 11, cooperative RIC-MAC communications
provide better latency than 3-hop RICERSD at any value of .

V. CONCLUSION

In this paper, a thorough evaluation of the energy consump-
tion of physical and MAC layers and of their cross influence
is presented. However, the main objective of this paper is
not to show the benefits of cooperative relay systems over
SISO or multi-hop SISO systems which are very well-known
in the literature. In contrast, the most important contribution
of this study is to propose the RIC-MAC protocol, a new low-
power cooperative MAC protocol based on a receiver-initiated
scheme. Besides, the impact of energy models (i.e. artificial
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Latency of cooperative RIC-MAC and 3-hop RICERS5b at TP

model or real platform) and MAC protocols (i.e. ideal or real)
on the energy consumption of the communications is also
considered. Considering energy models extracted from a real
WSN platform, the cooperative relay system still translates
into energy gains as compared to multi-hop SISO systems at
any network traffic load. However, the energy gain will be
reduced when the network traffic load increases. Furthermore,
in terms of latency, using RIC-MAC protocol in cooperative
communications help to bring latency gain in comparison with
multi-hop SISO communications. RIC-MAC protocol is finally
shown to be robust to traffic load at fixed wakeup period.
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