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Abstract—Reducing energy consumption is fundamental to ad-
dress the requirements of Massive Machine-Type Communication
(mMTC) applications. In this sense, D2D relaying could play an
important role in some scenarios. D2D discovery process is a
key phase of D2D relaying since in this phase the MTC device
(MTD) has to select an optimal relay. This process should ensure
low energy consumption and low complexity while taking into
account the specific constraints of the MTDs.

In this paper, we analyze the total (i.e., during the discovery
phase and the data transmission phase) energy consumed by the
MTD when it uses a D2D relaying mechanism. We propose a
simple distributed discovery protocol, which allows reducing the
MTD energy consumption. Our numerical and simulation results
confirm that when using the proposed discovery mechanism,
the total MTD energy consumption can be significantly reduced
depending on the data packet size and the location of the MTD
with respect to the base station.

Index Terms—Energy-efficient, mMTC, D2D discovery, relay
selection

I. INTRODUCTION

The future Fifth Generation (5G) of cellular networks aims
to support three major service groups: Enhanced Mobile
BroadBand (eMBB), Ultra-Reliable Low Latency Communi-
cations (URLLC), and Massive Machine Type Communica-
tions (mMTC) [1] [2]. Each of these services has different
characteristics and requirements. eMBB can be seen as an
extension of the 4G networks, which focuses mainly on the
improvement of the data rate. URLLC groups the applications
that need high level of reliability and low latency while mMTC
services are characterized by a large number of Machine-type
Devices (MTDs). The MTDs are usually low-complexity de-
vices that sporadically transmit small data packets. Moreover,
most of these devices are usually equipped with low-capacity
batteries, which must keep the MTD operational for many
years. Minimizing energy consumption due to the transmission
of data has a positive impact on the battery lifetime of the
MTDs.

The use of Device-to-Device (D2D) communications to
reduce the MTD energy consumption has been proposed in
the literature [3] [4] [S]. An MTD in poor coverage conditions
sends its data to a nearby User Equipment (UE), which acts as
a relay. The main advantage of such configuration is a better
link performance since the relay can be closer to the MTD
than the Base Station (BS). However, the MTD must search
for a relay before transmitting its data. This phase, called the

discovery phase, causes additional energy consumption, which
is not negligible for small data transmissions.

The use of relays to improve the energy efficiency has been
well studied [6] [7] [8]. Authors in [6] analyze the total energy
consumption (including the energy cost of acquiring channel
information) based on a general relay selection approach. In
[7] the authors propose a relay selection scheme based on
802.11 RTC/CTS (Request-to-Send/Clear-to-Send) protocol,
where an optimal relay is selected in order to maximize
the energy efficiency. In [8], the relay selection strategy is
analyzed considering the double auction theory. However, in
all these works, the total energy consumption is computed
taking into account also the energy consumed by the relay.
This is a reasonable approach in networks where all devices
have the same characteristics (e.g., wireless sensor networks).

In this work, we consider two groups of devices with dif-
ferent characteristics, the MTDs (energy-constrained devices)
and the UEs (non-energy constrained devices) as in [5]. Our
objective is to analyze the energy consumed by an MTD when
it uses a UE as a relay to transmit its data. From this analysis,
we determine in which cases it is convenient for the MTD to
use a D2D relay mechanism instead of a direct transmission
to the BS.

A D2D relay mechanism is composed of two phases: the
discovery phase, and the data transmission phase. If no relay is
selected at the end of the discovery phase, the MTD transmits
data to the BS, which may induce a large energy consumption.
If a relay is selected, its location is very important because
the closer the relay is to the MTD, the lower the MTD
energy consumption will be during the data transmission
phase. Therefore, the discovery phase is the key phase to
minimize the total MTD energy consumption (i.e., the energy
consumed in both phases).

In this paper we propose a discovery and relay selection
process in a distributed manner (without the participation
of the BS) inspired by the RTS/CTS protocol as in [7] [9]
[10]. This protocol is suitable for mMTC applications due to
its simplicity and limited signal overhead. In [9] and [10],
the neighbor UE with the best channel condition UE-BS is
selected as a relay. While [9] shows simulation and analytical
results, the results were obtained only through simulations in
[10]. In [7] the authors take the power control into account.
Our protocol differs from [7] [9] [10] as follows: (i) it selects



a non-energy constrained device (UE) as relay; (ii) it selects a
relay close to the MTD by limiting the discovery area; (iii) it
solves the hidden node problem thanks to a feedback packet;
(iv) and finally it considers dynamic data rate adaptation.

First, we analyze the relay discovery probability and the
average number of slots used in the contention process. From
these parameters, we derive the energy consumption in the
discovery phase and in the data transmission phase. In order to
minimize the MTD energy consumption, we derive the optimal
contention window size and the optimal radius of the discovery
area. Finally, we compare the energy consumption in cellular
mode and the energy consumption in D2D mode taking into
account the optimal values.

The remainder of this paper is organized as follows. Section
II presents the system model. The relay discovery probability
is derived in section III. In Section IV, we analyze the number
of slots used in the contention process. We compare the
energy consumption in cellular and D2D modes in Section V
while in Section VI we present the numerical results. Finally,
conclusions and future works are given in Section VIIL.

II. SYSTEM MODEL
A. Network Model

We consider a single cell in which UEs and MTDs are
randomly distributed. The locations of UEs form a homoge-
neous Poisson point process (PPP) ®,, with density X, in RZ.
All the devices (MTDs and UEs) are in down-link coverage.
MTDs with an unfavorable link budget have up-link coverage
at the cost of higher energy consumption. In order to reduce
its energy consumption, the MTD may use a nearby UE as a
relay. This approach consists of two phases:

1) Discovery phase: The MTD searches for a nearby UE,
which can serve as a relay.

2) Data transmission phase: If the MTD finds a relay, it
transmits its data to the selected relay using a D2D
communication, then the selected relay transmits the
MTD data to the BS using a cellular communication.
Otherwise, the MTD transmits its data directly to the
BS using a cellular communication.

In our analysis, we do not consider the energy consumed by
the relay. We assume that the BS allocates dedicated resources
for D2D links (i.e., there is no interference between D2D links
and cellular links). In order to keep the analysis tractable, we
make the following assumptions:

o The path loss is distance-based (i.e., without considering
fading and shadowing effects).

e Devices (MTDs and UEs) transmit at a fixed transmission
power and have a bandwidth of B,, Hz.

o The channel is reciprocal (i.e., the channel from point A
to B is the same as the channel from B to A).

B. Propagation model

There are two communication modes: cellular mode and
D2D mode. In cellular mode, the MTD communicates directly
with the BS while in D2D mode the MTD communicates with
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Fig. 1. Network model.

the relay (UE). We consider the path loss model described in
[11] which is based on the micro-urban channel models from
ITU [12].

We consider only non-line-of-sight (NLoS) scenarios. Thus
the path loss models for carrier frequency (f.) 900 MHz are
given in Table I, where d,, ; and d,, , are the MTD-BS and
the MTD-UE distances (in meters), respectively.

TABLE I
PATH LOSS MODELS FOR NLOS WITH DISTANCE IN METERS, f. = 900
MHz

Communication mode
Cellular
D2D

Path loss (dB)
Lynp = 21.53 + 36.7108 10 (dym.b)
Lim,u = 17.62 + 401log; o (dm,u)

C. Discovery protocol description

The proposed protocol uses a distributed relay selection
approach (i.e., the BS does not participate in the relay selection
process). When the MTD wakes up to transmit its data, it first
waits for the synchronization messages sent by the BS. Then,
the procedure consists of the following steps:

1) The MTD measures the path loss value L,,; between
itself and the BS when it reads the network configura-
tion messages sent by the BS. Based on this value, it
defines the contention window size W and the path loss
threshold between itself and a nearby UE (L;;). Then it
broadcasts a Request-for-Relay (RR) packet that carries
the values of W and L;; and waits for a response from
a UE (contention process). The maximum waiting time
is W time slots.

2) A UE that receives an RR packet measures the path
loss between the MTD and itself (L, ,) by compar-
ing the received and the transmission power. Only the
UEs having L., < Ly, participate in the contention
process (these UEs are called relay candidates). Each
relay candidate responds to the MTD with a Relay-
Candidate (RC) packet. To send its RC packet, the relay
candidate chooses randomly and uniformly one time-
slot s € [1, W] in the window. The first relay candidate
that transmits an RC packet without collision wins the
contention process.

3) The MTD broadcasts the feedback packet as soon as
it successfully receives an RC packet. The feedback



packet serves to confirm the winning UE and to avoid the
hidden node problem. The hidden node problem occurs
when a relay candidate is not able to hear the RC packet
sent by another one. The relay candidate that wins the
contention is called the selected relay while the other
relay candidates stop contending when they receive the
feedback packet.

If the MTD finds a relay, it establishes a D2D link with
the relay to transmit its data. Otherwise, the MTD transmits
directly to the BS using a cellular communication. The D2D
relaying procedure is represented in Fig. 2.

Read network
configuration

Have received
RR packet?

Broadcast
RR packet

Wait for
RC packet

Send the

Last time RC packet

Have received
RC packet?

Have received
feedback?

D2D
communication

Cellular
communication

Wait for . Wait for
ACK Data

(a) (b)

Fig. 2. D2D relaying procedure a) MTD side, and b) UE side.

We consider that the RR, RC, and feedback packets have a
duration of one time-slot. We remark that there is no collision
in the transmission of the RR packet since only the MTD
transmits in that time slot. In other words, all UEs around the
MTD receive the RR packet. However, when two or more UEs
send the RC packet in the same time slot, we assume that the
MTD is not able to decode these packets (ignoring the capture
effect). Therefore, it has to listen during the next time slot.

The fact that the MTD sends the feedback packet and its
data as soon as an RC packet is successfully received, on one
hand, allows the MTD to save energy since the time in the
active state is reduced. On the other hand, the relay candidates
also save energy since, after sending the RC packet, if they
do not receive the feedback packet they stop participating to
the contention process as it means that there was a collision.

Fig. 3 shows the packet exchange sequence when the MTD
selects a relay during the discovery phase. In this network,
W = 6 and there are four UEs that successfully received the
RR packet. In slot 1, no UE responds (No RC). In slot 2, there

are two UEs responding at the same time (collision). In slot 3,
only UE-4 transmits an RC packet (single slot) and thus wins
the contention process. UE-1 and UE-3 stop participating in
the process in slot 3 since they do not hear the feedback in
this slot. UE-2, which had chosen slot 6, stops participating
in the process when it hears the feedback packet in slot 4.

Collision
No |Single Feedback
RC slot
RR F Data P
MTD 1 i 2 i 3741576l -
> time
W
s=2__|RC
UE-1 >
time
s=6
UE-2 [ T T T ;
time
s=2_|RC
UE-3 -
time
s=3 RC IAC Data
UE-4 I ! _
T T T time
D2D D2D communication Cellular
discovery MTD-UE communication

UE-BS

Fig. 3. Packet exchange sequence in the D2D relaying mechanism when the
MTD selects a relay during the discovery phase.

III. RELAY DISCOVERY PROBABILITY

The relay discovery probability is the probability that the
MTD finds a relay during the discovery phase.

Let r be the distance between the MTD and a UE, the
received power can be derived as P,, = P, Kyr~ %4, thus the
MTD-UE path loss i8 Ly, ,, = r*¢ /K4, where P, is the MTD
transmission power, K and oy are respectively the path loss
factor and the path loss exponent for D2D communications.
According to the discovery protocol, a UE that receives an
RR packet participates in the contention process if and only if
L < Ly, where Ly, is the path-loss threshold, which is a
parameter sent by the MTD. Thus, a UE is a relay candidate
when:

r < (KqLn)'/ . (1)

We introduce a new parameter R = (Ksth)l/ @d called
radius of the discovery area. Thus, we define the discovery
area (gray disk in Fig. 1) as the region bounded by a circle
of radius R centered on the MTD. All the UEs inside the
discovery area are relay candidates.

The relay candidates choose a time slot s € [1, W], with
a probability of 1/W (uniform random choice). Since the
locations of UEs form a homogeneous PPP with density A,,
in each time slot s, the relay candidates form an independent
thinning PPP with density A, /W. Thus, the probability of
receiving n RC responses in a time slot is

2)\ n
ny = EREAW)
n!

A successful relay discovery occurs when at least one RC
packet is successfully received (single slot) by the MTD. A

P(N = exp(—TR* X, /W), ()



single slot is a time slot where only one UE transmits an RC
packet (i.e., a time slot without collision). Thus, the probability
that a time slot s is a single slot is

P=P(N=1)= %exp (—%) , 3)
where N, = wR2\, represents the mean number of UEs
inside the discovery area.

The relay discovery probability Py, is equivalent to the
probability of finding at least one single slot during the
contention process:

o (o Ne (NN
P =1 (1 Pl) =1 <1 Wexp( W)> .4

Taking the first derivative of Py, with respect to N, it is
easy to show that the relay discovery probability is maximized
when W = N,. For W = N,, P, = e ! and Pjc = 1 —
(0.63)W.

IV. NUMBER OF SLOTS USED IN THE CONTENTION
PROCESS

The maximum number of slots in the contention process
is W. However, according to the discovery protocol, the con-
tention process ends as soon as an RC packet is successfully
received (i.e., at the first single slot). In case that none of the
RC packets is correctly received, the number of slots used in
the contention process is W.

Let S be a discrete random variable with range {1,2, ..., W}
that represents the number of slots used in the contention
process. This number of slots is equivalent to finding the
first single slot. From (3), the probability that a time slot
is a single slot is P; = (N,/W)exp(—N,/W). Since P,
is independent for each time slot, S can be modeled as a
geometric distribution with parameter P;. Thus, the probability
mass function (PMF) of S is

(1—P)* P
(1—pP)V-1!

f1<s<W-—-1,

ifs=W. ®)

P(S =s|W) = {
P(S = W|W) = (1 — P;)"~! needs special attention
because it is the sum of two probabilities, the probability that
slot W is a single slot (1 — P;)"Y =1 P, and the probability
that none of the RC packets is correctly received (1 — Pp)W
by the MTD.
Let S be the mean number of slots used in the contention
process. It can be easily calculated from the PMF of S:
w-1
S=)" sP(S=sW)+WP(S =W|W). (6)
s=1

Substituting (5) into (6), and simplifying we obtain

1-(1-P)W
P ’
where Py = (N,,/W) exp(—N,/W).
The energy consumption in the discovery phase is directly
proportional to S. Therefore, we can minimize the energy

S= )

consumption in the discovery phase by minimizing S. Taking
the first derivative of S with respect to INV,,, we can find the
minimum number of time slots in the contention process. Thus,
solving aBTSu = 0, we deduce that the number of time slots in
the discovery phase is minimal when W = N,,. And we obtain

min S = e(1 — (1 —e HW). (8)
Note that when W is large min S =~ e.

V. ENERGY CONSUMPTION IN CELLULAR AND D2D
MODES

An MTD can operate in one of the following states: Active
(Tx or Rx), Idle, or Sleep. Each state has different and constant
power requirements [13]. In our study, we analyze the energy
consumed by the MTD when it transmits data (i.e., when it
is in active state). Thus, the energy consumed by the MTD is
computed as E = Py, 7ty 7 + Pp rtm r, Where P, v and
P, r are the MTD power consumption (energy consumption
per unit time) in Tx state and Rx state, respectively; ¢,, 7 and
tm,r are the proportion of time spent in Tx state and Rx state,
respectively. Note that P, 7 is constant since we consider a
fixed transmission power.

A. Energy consumption in cellular mode

In order to compute the energy consumed by the MTD when
it transmits its data directly to the BS, we need to determine
the transmission time (i.e., the time spent in Tx state) as in
[4]. Assuming that the MTD transmits data message of total
size D bits, the transmission time is equal to D/C,, ;, where
Cp.p is the data rate (bits per second) in the MTD-BS link.

For computing the data rate C,,;, we use a modified
Shannon capacity formula proposed in [14]:

9m7b
Qeff ) ’ (9)
where B,, is the transmission bandwidth, Beg adjusts for the
system bandwidth efficiency of LTE, 6,,; is the Signal-to-
Noise-Ratio (SNR) for the MTD-BS link, and 8¢ adjusts for
the SNR implementation efficiency of LTE.

As we consider that the MTD transmits at fixed power P,
the SNR expression for the MTD-BS link is then:

Cm,b = Befwa 10g2 (1 +

_ —Pm—[{c(dm,b)_aC

10
S p— (10)

gm,b
where N is the noise power spectral density, d,,  is the MTD-
BS distance, K. and . are respectively the path loss factor
and the path loss exponent for cellular communications.
Thus, the MTD energy consumption due to the data trans-
mission is
D

Eeen = P71 5—

11
Cos’ Y

where C., ,, = Begt By logy (1 + LI]&O(EZ’@Z?{_ = )



B. Total energy consumption in D2D mode

The total MTD energy consumption in D2D mode is the
sum of the energy consumed in the discovery phase and the
energy consumed in the data transmission phase.

Since data rate adaptation requires the knowledge of
channel state information (CSI), we consider that the
discovery phase also serves to obtain the CSI of the MTD-UE
link. Thus, we consider a fixed data rate during the discovery
phase and a dynamic data rate adaptation during the data
transmission phase.

1) Energy consumption in the discovery phase: We con-
sider that the RR and feedback packets have a duration of
one time-slot (7). The MTD is in Tx state when it transmits
the RR or the feedback packet, and it is in Rx state during
the contention process. Thus, the average energy consumption
during the discovery phase is

Epopgise = Ts(2Pp.1 + SPm R), (12)

where P,, r and P,, r are the MTD energy consumption in
Tx state and Rx state, respectively; and S is the mean number
of slot used in the contention process, which is defined in (7).

2) Energy consumption in the data transmission phase:
Once the discovery phase has been completed, the MTD will
transmit its data to the selected relay (D2D communication).
In case no relay has been found, due to low relay density
or collisions, the MTD will transmit directly to the BS as in
traditional cellular communications. Thus, the average energy
consumption during the data transmission phase can be derived
as

Edala Tx = PdiscEDZD,comm + (1 - Pdisc)Ecella (13)

where Py is the relay discovery probability, which is de-
fined in (4), EDZD,comm is the average energy consumption
in the D2D communication, and E. is the average energy
consumption in cellular mode, which is defined in (11).

EDZD,comm depends on the MTD-Relay distance, which is
a random variable since the locations of the UEs form a
PPP. Let X be a random variable that represents the distance
between the MTD and the relay. Since we consider a uniform
random choice of time slots in the contention process, all
relay candidates have the same probability of being selected
as a relay (without considering their locations). Thus, the
cumulative distribution function (CDF) of X can be derived
as

Fx(z) =P(X <z)=2?/R? z € [0,R], (14)

where R is the radius of the discovery area. Thus, the
probability density function (PDF) of X is

fx(z) =2z/R? = €[0,R]. (15)

To compute the energy consumption in the D2D commu-
nication (Epypcomm), we follow the same procedure used to
derive (11). We consider that during the D2D communication

the MTD transmits at fixed power P,,. Using the modified
Shannon capacity formula [14], we obtain

Pm,TD
BuBulog, (1+ Bl )

EDZD,comm = ( 16)

where x is the MTD-Relay distance, K; and «4 are respec-
tively the path loss factor and the path loss exponent for D2D
communications.

Thus, the average energy consumption in the D2D commu-
nication is computed as follows:

P,1rD

o R
ED2D,comm :/ P Koz-od
0 BerBy log, (1+ Pplgo- o4 )

fx(x)dx,

(17)
where fy(z) = 2z/R? is the PDF of X (15).
Taking into account that the MTD transmits to its maximum
allowed transmission power (i.e., P,, = 23 dBm) and the
MTD-UE distance x is short, we can assume:

Py I g P I g
log, (1 + dm) ~ log, (”) . 38)

NOBweeff NOBweeff
Then in (17) we have
— P,rD % 2
EDZD,comm = - ) . de, (19)
Integral (19) is simplified as follows:
Epp,comm = A’ E1(B), (20)
_ W@)PnrD _ 2 P KgR™%d
where A = oy BQ:U ., B = Sn ( SRy ), and

Ei(2) = f;c e~'t~1dt is the exponential integral.
Then, substituting (4) and (20) in (13) we get

Edata Tx — (1_(1_P1)W>AeBE1(B)+(1_P1)WEcellv (21)

where P, = % exp(f%), and E.q is defined in (11).

3) Total MTD energy consumption in D2D mode: The
average of the total MTD energy consumption in D2D mode
is

Epap ol = Epap gise + Edaws- (22)

From (12) and (21), we observe that EDzD,mm] depends on
three variables: d,, p, W, and R.

4) Minimization of the MTD energy consumption: We pro-
pose a discovery mechanism that aims to minimize EDZD,KM].
As discussed in sections III and IV, EDZD,disc is minimal when
W = N, (since S is minimal). Moreover, when W = N,, the
maximum relay discovery probability (Pgs) is reached, and
consequently Faaatx is minimized since in data transmission
phase when the MTD uses a relay it consumes less energy than
when it transmits directly to the BS. Therefore the optimal
contention window size, minimizing the total MTD energy
consumption is W* = N, and Epap o depends now only on
two parameters (R and d,y, p).



Looking for the optimal radius of the discovery area that
minimizes the total MTD energy consumption in the D2D
mode, let R = pd,, 5, where 0 < p < 1. We then look for an
optimal p* value that minimize EDZD,total when the distance
between the MTD and the BS is d,, ;. It is not possible to get
this value analytically. We thus use numerical computation to
find p*.

Fig. 4 shows the energy consumption in D2D mode as a
function of the distance MTD-BS and the parameter p. From
this figure, we observe (in red) that for each distance MTD-
BS there exists an optimal p* that minimizes the total MTD
energy consumption.

Energy consumption (mJ)

1000

600

Distance MTD-BS (m)

Fig. 4. Average total energy consumption in D2D mode as a function of the
distance MTD-BS (d,, ) and p, where R = pd,, ; (radius of the discovery
area), considering D = 200 bytes and A, = 100 X 106 UEs/m2.

We plot in Fig. 5 the optimal p* as a function of the distance
MTD-BS for A, = {10 x 1075,100 x 1075} UEs/m? and
D = 200 bytes.

0.6 T T T T T T T

0 100 200 300 400 500 600 700 800 900
Distance MTD-BS (m)

1000

Fig. 5. Optimal p* as a function of the distance MTD-BS considering D =
200 bytes and A, = {10 x 106,100 x 1076} UEs/m?.

The optimal radius of the discovery area is

R* = " dp - (23)

TABLE 11
SIMULATION PARAMETERS
Parameter Value
MTD transmission power (FPr,) 23 dBm
Discovery packet size (RR, RC, and feedback) 12 bytes
MTD power consumption in Tx state (P, ) 925 mW
MTD power consumption in Rx state (P, r) 200 mW
MTD Bandwidth (By,) 180 kHz
Noise Power Spectrum Density (No) -174 dBm/Hz
Carrier Frequency (fc) 900 MHz
Cellular path-loss exponent (c.) 3.67
Cellular path-loss factor for a distance in meters (K.) 0.0070
D2D path-loss exponent (cg) 4
D2D path-loss factor for a distance in meters (K g) 0.0173
Time slot duration (1) 0.5 ms
Bandwidth efficiency (Begr) 0.56
SNR efficiency (fefr) 2

From (3), we know that N, = wR2),. Thus, the optimal
contention window size is

W* = 7(p*dmp)* M- (24)

From (1), we can derive the path loss threshold L., as
follows:

(25)

Then, the two parameters that the MTD has to send in the
RR packet are: W* and Ly;,. The MTD-BS distance (d,y 1)
can be derived from the MTD-BS path-loss (L., ;) measured
by the MTD.

VI. NUMERICAL RESULTS

The analytical and simulation results are presented to val-
idate the accuracy of our analytical models. The simulations
are performed using MATLAB and the simulation parameters
are specified in Table II. We use the MTD power consumption
parameters proposed in [15], and we set the bandwidth effi-
ciency Begr and the SNR efficiency O as the SISO channel
parameters [14].

In Fig. 6 we show that the probability of finding a relay
decreases as the mean number of UEs in the discovery area
(N,) decreases. It is either due to a low UE density (\,)
or because the discovery area (wR?) is very small. The relay
discovery probability increases as [V, increases, until reaching
a maximum. However, due to the limited number of time slots
(W), collisions also increase, reducing the relay discovery
probability.

Fig. 7 shows the mean number of slots used in the con-
tention process S as a function of N,. We can see that the
analytical and simulation results fit well. From this figure, we
observe that when N, is zero (i.e., there is no UEs inside
the discovery area), the number of time slots used in the
contention process is V. This is because even if there is no
relay candidate, the MTD waits for an RC packet until the
last time-slot. We also note that as N,, increases, S decreases
and reaches a minimum value at N, = W, and then S
increases (i.e., a convex curve). This is because the probability
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Fig. 6. Relay discovery probability as a function of the mean number of UEs
inside the discovery area (N,) for W={2, 4, 8, 16}.

of receiving an RC packet in the first slots increases as the
number of relay candidates increases. But, if the number of
relay candidates is greater than the number of slots available
(W), thus S increases due to the impact of the collisions.

35 T T T T T
— — —W =16 (ANA)
o W=16(SIM)
30 [ W =24 (ANA) [|
v W=24(SIM)
L 25 W =32 (ANA) ||
2 vy W = 32 (SIM)
[
-
220t s 1
3 4 ;
[ 2
215} ¥ g 1
c 3.5 &
é \y w o
101\ 3 v /0,5 vy
v ) Vg P vV
\ & g Yo oo
5p ®Y 10 15 20 25 ©35° 1
e i S A 6 @r,g,gfgiﬁ v v v ¥ ZYYy

0 . . . I . . . . .
0 5 10 15 20 25 30 35 40 45 50

N =7R?\
u u

Fig. 7. Mean number of time slots used in the contention process (S) versus
the mean number of UEs inside the discovery area (N,) for W = {16, 24,
32}.

In Fig. 8, we compare the energy consumption in cellular
mode and the minimum average energy consumption in D2D
mode (i.e., considering the the optimal values W* and p*).
This figure shows that the D2D relay mechanism allows
reducing the energy consumption significantly when the data
packet size is relatively large compared to the discovery packet
size (12 bytes), and when the MTD is far from the BS.

When the data packet size is small (e.g. 50 bytes), the
energy consumption in cellular mode is less than the energy
consumption in D2D mode, because the energy consumed in
the discovery phase is significant in comparison to the energy
consumed in the cellular mode.

The energy reduction factor is defined as the ratio between
the energy consumption in D2D mode and the energy con-
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Fig. 8. Comparison of the total MTD energy consumption in cellular mode
and in D2D mode as a function of the distance MTD-BS (d,,, ;) and the data
size (D), considering A,, = 100 X 106 UEs/m2.

TABLE III
ENERGY CONSUMPTION FOR CELLULAR AND D2D MODES
Data size 100 bytes 200 bytes
Distance MTD-BS (m) 500 | 1000 | 500 [ 1000
Energy consumption Cellular (mJ) | 1.06 | 2.16 | 2.12 | 4.31
Energy consumption D2D (mJ) 1.65 | 2.68 | 2.11 | 2.16
Energy Reduction Factor 1.56 | 0.78 | 1.00 | 0.50

sumption in cellular mode. From Fig. 8, the energy reduction
factor, for two different data sizes and for two different MTD-
BS distances, are obtained and shown in Table III. We observe
that in D2D mode, the MTD consumes 50% less energy than
in cellular mode for D = 200 bytes and d,,, ;, = 1000 meters.

VII. CONCLUSION AND FUTURE WORKS

In this paper, we analyze the total MTD energy consump-
tion due to the transmission of data. We propose a simple
distributed discovery protocol, which is efficient in terms of
energy consumption. We show that using this D2D relay
mechanism, the MTD energy consumption is significantly
reduced when the data packet size is relatively large compared
to the discovery packet size, and when the MTDs are far
from the BS (unfavorable link budget). Furthermore, we derive
analytical expressions for the relay discovery probability, the
mean number of times slots used in the contention process,
and the total MTD energy consumption. The accuracy of these
analytical expressions is confirmed by simulations.

For future work, we want to extend our analysis of MTD
energy consumption by taking into account the fading and
shadowing effects. Moreover, we will investigate the MTD
energy consumption using D2D relaying mechanisms con-
sidering the autonomous resource allocation mode for the
discovery phase.
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