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ABSTRACT Device-to-Device (D2D) communications is a promising approach for wireless communica-
tions in terms of energy and spectrum efficiency. However, such communications increase interferences in a
cellular network. In this paper, we propose to lower these interferences by using millimeter wave directional
antennas. To analyze the impact of these techniques, we introduce mathematical sectored antenna models
that are deduced from mmWave antenna radiation patterns. Moreover, recent studies consider a constant
transmit power for the devices. Nevertheless, modern communications use power control techniques to
mitigate energy consumption and interferences. The main contribution of our work is the consideration of
channel inversion, which is more realistic than the commonly used transmit model.
Most works dealing with conventional D2D communications propose to use stochastic geometry to model
a D2D-enabled network in order to evaluate the impact of interferences and noise on the various links.
The objective of this work is to analyze the SINR and the energy efficiency of Outband D2D links for
UEs equipped with directional mmWave antennas. To do so, we implement an energy efficiency calculation
that considers both directional antennas and channel inversion. We propose to highlight the advantages
and drawbacks of directional mmWave antennas in Outband D2D for diverse antenna designs and different
environments.

INDEX TERMS Device-to-device communication, Wireless communications, Stochastic processes,
Radiofrequency interference, Multiple access interference, Millimeter wave communication, Directional
antennas, Linear antenna arrays, Energy efficiency.

I. INTRODUCTION

DEVICE-TO-DEVICE (D2D) communications are
viewed as a promising new technology and a keystone

of the fifth generation of wireless networks (5G). D2D
communications are based on the proximity between users,
and permit to lower the battery usage for short distance trans-
missions [1]. D2D can be used for direct communications
between devices and information relaying either between
devices [2] or from a device to a base station (BS) [3]. For
D2D communications, the synchronization between devices
can be controlled either by the base station, or by the devices
themselves [4].

A. RELATED WORKS

D2D spectrum sharing. In terms of spectrum sharing, D2D
communications are mainly proposed to use the whole cel-
lular spectrum (i.e. Underlay Inband D2D) [5]–[7]. Many
approaches are proposed to decrease the impact of interfer-
ence in Underlay Inband D2D, such as power control [8]
or energy-efficient resource allocation [9]. Nevertheless, in
order to avoid the interference between typical and D2D
communications, some works propose to dedicate a part of
the cellular spectrum for only D2D communications (i.e.
Overlay Inband D2D) [10], [11]. Another approach based on
non-cellular bands for D2D communications (i.e. Outband
D2D) is also considered [12]. We focus on the later approach
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in this paper to increase both the spectral efficiency and the
energy efficiency of a whole network.

MmWave systems. Although biological safety [13] and
channel behavior [14], [15] of mmWaves are not totally
defined at the moment [16], the mmWave spectrum is a very
interesting option for the next generation of wireless commu-
nications. Indeed, mmWave spectrum can support hundreds
of times more capacity than the current cellular spectrum
[1], [17]. In [18], the authors propose a system architecture
based on mmWave and LTE. Their method introduces an
effective resource sharing scheme that allows D2D links
without interference. The authors of [12] propose to study the
propagation in the mmWave spectrum (especially for bands
in 24 GHz and 61 GHz) using ray tracing models in urban
environments. Their results prove that mmWave approaches
for D2D are highly achievable through beamforming. Indeed,
these two methods decrease multipath interference due to ur-
ban structures. Besides, the authors of [1] and [19] reveal that
the common buildings are very resistant to the penetration of
mmWaves. In [20], the authors propose three user association
strategies for mmWave D2D communications, and show that
a “closest line-of-sight D2D-Tx” model is more spectrally
efficient than the other ones (the comparison between each
strategy is made thanks to stochastic geometry).

Blockage modeling. In mmWaves, the links from a D2D
transmitter and a D2D receiver can be in a line-of-sight
(LOS) state, in a non-line-of-sight (NLOS) state or in outage
state [21]. If the link is in LOS state, the D2D transmitter is
visible by the receiver, i.e. there is no blockage in the link
[22]. However, if the link is in NLOS state, blockages occur
between the transmitter and the receiver. If these blockages
are too strong (i.e. if the path loss is very high), the link is
considered as in outage state.

To model the blockage phenomenon, several approaches
are depicted. First, a stochastic model is suggested by the
3GPP standards, differentiating LOS and NLOS links. These
standards propose a function PLOS (d) that can be seen as
the probability that a link of distance d is in LOS state. These
functions differ for each environment (urban, rural, etc). They
are explained in [23, Eqs. (1) and (2)]. Other authors like
in [24] propose to model blockage with the help of random
shape theory, taking into account that the centers of objects
form a Poisson Point Process (PPP). The shape, size and
orientation of each object are assumed to have a certain
distribution. In addition to these two blockage modeling
approaches, the LOS ball model has been introduced in [22],
[25], [26]. In this model, the LOS probability function is
modeled as a simple step function PLOS = 1 (d < RB),
where RB denotes the maximum length of a LOS link.
In [27], the authors propose to model the blockage as a
Boolean rectangle scheme. In [22], the authors adopt a D-
ball approximation model. In our work, we propose to use
the later approach. The model is explained in Section II. The
authors of [28] leverage two-hop D2D relay to overcome
blockages. All the calculations of coverage probabilities are
made thanks to stochastic geometry.

Stochastic geometry. In terms of modeling, most works
on D2D-enabled (D2D-e) networks use stochastic geometry
to analyze power consumption, spectrum sharing and other
characteristics [29]. In particular, the use of Point Processes
such as PPP is significant in the works dealing with this
topic. In [30], the authors introduce an empirical and analyt-
ical model of a D2D-e network, and demonstrate the SINR
calculations related to their marked-PPP model. In [10], the
authors adapt the results from [30] with the 3GPP propa-
gation model. In [31], the authors use stochastic geometry
to validate new spectrum access policies that may reduce
interferences.

B. CONTRIBUTIONS AND ORGANIZATION
The related works dealing with stochastic geometry for D2D
links mainly focus on Inband D2D communications, and
consider only constant transmit powers. In this paper, we
propose to analyze the advantages and the drawbacks of the
use of mmWaves for Outband D2D communications with
channel inversion. The main contributions of this paper are
as follows:

• A D2D-e network model that considers channel inver-
sion is introduced. This model is more realistic than
the use of a constant transmit power. Modern commu-
nications use power control techniques to mitigate en-
ergy consumption and interferences. Channel inversion
permits to adapt the transmission power relative to the
link distance, the path-loss exponent and the Signal to
Noise Ration (SNR). In this configuration, the SINR is
optimized.

• Sectored antenna models are considered for Uniform
Linear Array antennas (ULAs). They are probabilisti-
cally incorporated in the system model, from the an-
tenna radiation patterns.

• An energy efficiency calculation that considers direc-
tional antennas is introduced. The energy efficiency is
defined as the ratio of the spectral efficiency in an area
to the average network power consumption.

• In our work, spectral and energy efficiencies for differ-
ent types of ULAs (for 1, 3 and 5 elements) using their
relative radiation pattern are compared.

Section II presents the system model. In Section III, we
introduce the theoretical approach on mmWave directional
antennas, based on linear array antennas theory. The analyt-
ical calculations for SINR (and more precisely the coverage
probability) and energy efficiency are depicted in Section IV.
The simulations and discussions are explained in Section V.
Finally, conclusions are given in Section VI.

Notation: throughout the paper, P (· ) denotes the proba-
bility, E [· ] denotes the expectation over all random variables
in {· }, ∼ denotes the distribution and Γ (a, b) denotes the
Gamma distribution with parameters a and b, with a mean
value of a · b. The notation LX (· ) defines the Laplace
transform for the random variable X . The Euclidean norm
is denoted as ‖· ‖.
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TABLE 1: Notation and Simulation Parameters

Parameter Description Value (if applicable)
Network Model

Φu Set of the transmitter UEs with intensity λu
λu = 2×

(
π1002

)−1
m−2 (sparse)

λu = 20×
(
π1002

)−1
m−2 (dense)

ΦD Set of the D2D UEs with intensity λD λD = qλu
q Potential D2D UEs q = 1
Xi Location of the i-th UE
δi Type of communication of the i-th UE P (δi = 1) = q
Li Length of the D2D link of the i-th UE Li = 25 m
Pi Transmitting power of the i-th UE
θi Oriented angle between the i-th transmitter and the i-th receiver

Small-scale Fading

hi Small-scale fading on the i-th link hi ∼ Γ
(
NL,

1
NL

)
(LOS-state link)

hi ∼ Γ
(
NN ,

1
NN

)
(NLOS-state link)

NL Parameter of Nakagami fading for LOS links NL = 3
NN Parameter of Nakagami fading for NLOS links NN = 2

Blockage Model

R2, R1 Radii of the approximating balls R2 = 201.4371 m
R1 = 56.9945 m

β1 Probability that a link of length r ∈ [0, D1) is in LOS state β1 = 0.8282
β2 Probability that a link of length r ∈ [D1, D2) is in LOS state β2 = 0.1216
αL LOS pathloss exponents for mmWaves links αL = 2
αN NLOS pathloss exponents for mmWaves links αN = 4

qd,L, qd,N Probability that a link in the d-th ball is in LOS or NLOS state
Bd d-th ball with radius Rd

Antennas Models
G Antenna directivity gain G ∈ {MM,Mm,mm}
pG Probability of the G antenna directivity gain
Gi,j Directivity gain between the i-th receiver and the j-th transmitter E [Gi,j ] =

∑
G∈{MM,Mm,mm} pGG

M , m Antenna main lobe and side lobe gain cf Table 3
Ω Antenna main lobe beamwidth cf Table 3
NA Number of ULA elementary antennas NA ∈ {1, 3, 5}
kA Wave vector kA = 2π/λc
dA Distance between each elementary isotropic antenna dA = λc/2

Coverage Probability Metrics
Ψ SINR threshold
Υi SINR at a typical device

Energy Efficiency Metrics and Parameters
P0 Static power consumption of a UE P0 = 343.8 mW

1/∆ Efficiency of the UE power amplifier ∆ = 2
Pavg Average power consumption of UE per unit area
τ Area spectral efficiency

EE Energy efficiency
General Parameters

W Bandwidth W = 1 GHz
Fc, λc Carrier frequency and wavelength Fc = 28 GHz, λc = 10.7 mm
σ2 Noise power spectral density σ2 = −174 dBm/Hz
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FIGURE 1: System model

II. SYSTEM MODEL
In this section, we introduce the system model through
several assumptions. All the used notations and their relative
description are given in Table 1.

Assumption 1 (PPP UE)
The user equipments (UE) are modeled by an independently
marked PPP denoted as

Φ̃u = {(Xi, δi, Li, Pi, θi)} , (1)

where {Xi}, {δi}, {Li}, {Pi} and {θi} denote the sets of
the locations of the UEs, the type of communications for
the UEs, the length of the D2D radio links (i.e. the distance
between the transmitter and the receiver), the transmit power
of the UEs and the angle between the D2D transmitter and re-
ceiver relative to the x-axis, respectively. {Xi} are placed ac-
cording to an unmarked PPP Φu ∈ R2 with intensity λu. {δi}
are assumed to be independent and identically distributed
(i.i.d.) Bernoulli random variables with P (δi = 1) = q [30],
[32]. If δi = 1, the UE i is considered as a potential D2D
UE (so called DUE), otherwise, it is a cellular UE (so called
CUE). In the following of this paper, we denote ΦD the PPP
of the DUEs, with intensity λD = qλu. Moreover, {θi}
are assumed to be uniformly distributed within (0, 2π]. The
position of the UEs are shown in Fig. 1.

Assumption 2 (D2D Distance)
In this paper, we assume that the distance between two ele-
ments of a D2D pair is constant for all the pairs, as modeled
in recent works like [33]–[35]. Then, for all the pairs, we take
Li = 25 m, that is a decent value for D2D links [33], [36].
Note that we also assume that all the D2D links are active.

Assumption 3 (Small-Scale Fading)
As explained in [19], [23], the Rayleigh fading model used
in sub-6 GHz band cannot be applied for mmWave commu-
nications. Indeed, in [27], the authors recommend to assume

independent Nakagami fading for each link. The parameters
of Nakagami fading for LOS and NLOS are denoted as NL
and NN , respectively (assuming NL and NN are positive in-
tegers). If hi is the small-scale fading term on the i-th link, hi
is a normalized Gamma random variable (hi ∼ Γ

(
NL,

1
NL

)
or hi ∼ Γ

(
NN ,

1
NN

)
). Frequency selectivity in fading is not

considered in this paper. Indeed, measurements made in [19]
clearly show that the delay spread is relatively small, and the
frequency-selective fading can have a limited impact using
techniques like OFDM or frequency domain equalization
[37]. Moreover, the measurement results in [19] show that
small-scale fading at mmWaves is less severe than that in LTE
systems when narrow beam antennas are used.

Assumption 4 (Blockage Process and Path Loss Model)

The blockages, e.g. buildings in cities, form a process of
random shapes on the plane [27]. The distribution of the
blockage process (modeled by a stochastic model [23]) is
assumed to be stationary and isotropic. We adopt the gen-
eralized LOS D-ball model approximation explained in [22]
and validated in [23] as the most realistic blockage model
among all others, like those explained in [37] or [38]. TheD-
ball model approximation is shown in Fig. 2. In this model,
a link is in LOS state with probability q1,L = β1 inside the
first ball with radiusR1, while this link is in NLOS state with
probability q1,N = 1 − β1. Similarly, the LOS probability
for a link is equal to qd,L = βd if the distance between a
transmitter and a receiver is comprised between Rd−1 and
Rd for d = 2, . . . , D. All the links with distances greater
than RD are assumed to be in outage state [22].

Moreover, the path loss laws are different for LOS and
NLOS links. The path loss on each link can be expressed
as in (2), where αL and αN are the LOS and the NLOS path
loss exponents for all the balls [22].

In the following of this paper, B1 corresponds to the
first ball with radius R1, and Bd corresponds to the area
comprised between the (d− 1)-th ball (with radius Rd−1)
and the d-th ball (with radius Rd).

Assumption 5 (Directional Beamforming Modeling)

We assume analog beamforming is applied at both D2D
transmitters and receivers. The D2D transmitter and its as-
sociated receiver have a perfect channel knowledge, and
then adjust their steering orientation so as to achieve the
maximum directionality gain [23]. In the following of this
paper, we denote Gi,j the effective antenna gain between
the i-th receiver and the j-th transmitter. Therefore, for a
desired D2D signal link, perfect beam pointing is assumed
with Gi,i = G0.

The steering angles of the interfering DUEs are assumed
to be uniformly distributed within (0, 2π]. For simplicity, the
actual patterns are approximated by sectored models. Note
that the sectored models for directive antennas are depicted
in Section III.
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ν(r) =



{
rαL w/ prob. q1,L = β1

rαN w/ prob. q1,N = (1− β1)
if r ∈ [0, R1){

rαL w/ prob. q2,L = β2

rαN w/ prob. q2,N = (1− β2)
if r ∈ [R1, R2)

...{
rαL w/ prob. qD,L = βD

rαN w/ prob. qD,N = (1− βD)
if r ∈

[
R(D−1), RD

)
outage if r ≥ RD.

(2)

R1

R2 RD−1

RD

Typical UE

p(r) = β1

p(r) = β2

p(r) = βD

p(r) = 0 (outage)

...

FIGURE 2: D-ball approximation model

Assumption 6 (Channel Inversion-Based Power Control and
Normalized Antenna Gain)
The received power at a typical D2D receiver from its trans-
mitter is Pu,i = PiG0L

−αs
i hi, with s ∈ {L,N}. We assume

channel inversion based power control and normalized an-
tenna gain, i.e. Pu,i = hi and thus Pi = Lαsi and G0 = 1.

III. MM-WAVES AND DIRECTIONAL ANTENNAS
MODELING
We consider the Outband D2D communications use the
mmWave spectrum, with the help of directional antennas.
Similarly to the works [39] and [12], the operating frequency
is Fc = 28 GHz, then the wavelength is λc = 10.7 mm.

A. MMWAVE ANTENNA ARRAY
Let us consider a Uniform Linear Array (ULA) composed of
NA isotropic antennas [40] at both the transmitter and the
receiver.

All the elementary isotropic antennas composing the array
are separated by a distance dA. The mmWave antenna array
is described in Fig. 3. In this figure, θA denotes the angle of
departure of the mmWave to the receiver.

Note that we assume that the receiver is in the far field of
the transmitter, and the elements of the linear array antennas

are mechanically aligned in order to perform electronically
synthetic pattern.

θA

dA dA dA dA

TO RECEIVER

FIGURE 3: ULA. The red squares and green lines denote the
elementary antennas and the rays, respectively.

The array factor AF (θA, NA, dA) for an NA-antenna ar-
ray with identically excited elements is defined by

AF (θA, NA, dA) =

NA∑
n=1

ej(n−1)(kAdA cos θA) (3)

where kA = 2π/λc denotes the wave vector [41, Chap. 6.3].
The reference point is the physical center of the ULA.

Then, the radiation pattern ζ (θA, NA, dA) of the array factor
can be expressed as follows:

ζ (θA, NA, dA) =

∣∣∣∣ sin (NAkAdA cos (θA) /2)

sin (kAdA cos (θA) /2)

∣∣∣∣ (4)

In terms of power, ζ2 (θA, NA, dA) represents the directiv-
ity of the array. This is due to the fact that elementary anten-
nas are omnidirectional. The normalized radiation pattern (in
terms of power) is shown in Fig. 4 (a), (b) and (c).

In this work, we took a value of dA = λc/2 = 5.35 mm.

Remarks on directivity, radiated power and transmitting
power
For a non-normalized radiation pattern, the maximum di-
rectivity is expressed as in (5) [41] with ζ∗ (θA, NA, ϕ, dA)
given in (6). For dA = λc/2, (5) can be simplified by
Dmax (NA, dA) = NA. The power of the typical link signal
received by DUE i is Pu,i = PiL

−α
i G0hi. Note that the

receiver and the transmitter antenna gains are given by the
directivity of the antennas. Moreover, as explained before, we
consider that the antennas are mechanically aligned. Thus,
both receiver and transmitter antennas provide a gain equal
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FIGURE 4: Normalized radiation pattern ofNA-antenna array.
(a) Array Factor in dB for NA=1, 3 and 5. (b) Polar plot
of relative directivity with NA=3. (c) Polar plot of relative
directivity with NA=5. (d) Sectored-pattern antenna model for
NA=3. (e) Sectored-pattern antenna model for NA=5.

to the maximum directivity (i.e. G0 = Dmax (NA, dA)).
With dA = λc/2, we thus have Pu,i = PiL

−α
i N2

Ahi.
Recall that we use power channel inversion. Then,

Pi =
Lαi
N2
A

. This equality clearly shows that the trans-
mission power can be highly reduced if we add elementary
antennas to the ULA. Numerically, by replacing an isotropic
antenna by a 4 element array, the total transmitting power
can be diminished by 12dB. Thus, we can say that the use
of directional antennas allows to highly increase the energy
efficiency of D2D links, and, subsequently, of the whole
array.

B. TRANSMITTER AND RECEIVER BEAMFORMING
Enhancement of the link budget is established by aligning
both the transmitter and receiver main lobes. First, each
UE periodically transmits and receives discovery signals
("beacons") [42]. The beacons are sent with the help of
omnidirectional antennas. When the beacon relative to a
D2D communication is received, the use of ULA permits to
estimate the angle of arrival of the wave coming from the
D2D transmitter. Then, the transmitter and the receiver align
their main lobes with a beamforming method. This approach

TABLE 2: Probability Mass Function of G [23], [27]

G MM Mm mm

pG (cUE)
2

2cUE (1− cUE) (1− cUE)
2

TABLE 3: Effective antenna gain between an interfering D2D
transmitter and a D2D receiver

ULA type M m Ω

ULA-1 0 dBi N.A. N.A.
ULA-3 0 dBi -9.54 dBi 2.93 rad
ULA-5 0 dBi -12.04 dBi 1.61 rad

is described in [14].

C. SECTORED-PATTERN ULA ANTENNA MODEL

In this paper, we propose to use sectored-pattern antenna
models, as in [22], [23], [27]. In this model, the actual array
beam pattern is approximated by a step function with a con-
stant main lobe over the beam width and a constant side lobe
otherwise. The accuracy of this model has been validated by
[43] and [44]. Thus, the main lobe gain of the ULA antenna is
assumed to be equal toM for all the angles in the -3 dB main
lobe, and to m otherwise. Because of beamforming (as ex-
plained in Section II, Assumption 5), the overall antenna gain
of a D2D pair isG0 = MM . Moreover, the beam direction of
the interfering links is modeled as a uniform random variable
distributed within (0, 2π]. Then the effective antenna gain
between an interfering D2D transmitter and a D2D receiver
is a discrete random variable as described in Table 2 [22],
where G is the effective directivity gain, Ω is the -3 dB beam
width of the main lobe, and pG is the probability of having
an effective antenna gain of G ∈ {MM,Mm,mm} (where
cUE = Ω

2π ). The sectored-pattern antenna models for ULA-3
and ULA-5 are shown in Fig. 4 (d) and (e). The numerical
values of M , m and Ω for ULA-1, ULA-3 and ULA-5 are
given in Table 3.

In the following of this paper, we denote Gi,j the directiv-
ity gain between the i-th receiver and the j-th transmitter. For
an interfering link, the average directivity gain can be written
as follows:

E [Gi,j ] =
∑

G∈{MM,Mm,mm}

pGG. (7)

Note thatGi,j corresponds to a typical link directivity gain,
while G denotes the effective directivity gain.

IV. COVERAGE AND ENERGY EFFICIENCY ANALYSIS

In this section, we consider mmWave based channels. We
consider a D2D pair DPi comprising a transmitter Dt,i and
a receiver Dr,i. The baseband received signal by Dr,i can be
written as follows:
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Dmax (NA, dA) = 4π
N2
A´ π

0

´ 2π

0
ζ∗ (θA, NA, ϕ, dA) dϕdθ

(5)

ζ∗ (θA, NA, ϕ, dA) =

(
sin (NAkAdA sin (θA) cos (ϕ) /2)

sin (kAdA sin (θA) cos (ϕ) /2)

)2

sin (θ) (6)

Yi[n] =

√
PiL

−αs
i G0hiSi[n]

+
∑

Xj∈Φ
D,I(i)

√
PjL

−αs
i,j Gi,jhi←jSj [n]

+ Z[n], (8)

with s ∈ {L,N} and where hi, Si, ΦD,I(i) , Li,j , hi←j , Sj
and Z[n] denote the small-scale fading of the typical link, the
unit-variance signal of the typical link, the set of the devices
that interfere with the i-th device, the distance between the
j-th transmitter and the i-th receiver, the small-scale fading
between the j-th transmitter and the i-th receiver, the unit-
variance signal of the j-th interfering link and the Additive
White Gaussian Noise (AWGN), respectively.

A. INTERFERENCES CHARACTERIZATION
The objective of this section is to characterize all the interfer-
ences undergone by a typical D2D receiver in a LOS D-ball
model.

First, we consider a D2D link where the co-channel inter-
ferences are generated by the potential D2D UEs operating
in D2D mode [45]. We assume the typical DUE receiver is
located at the origin of the space. Furthermore, we assume
that the typical link length Li is comprised in the d-th ball
Bd. Therefore, the typical link is either in LOS state, with a
probability βd, or in NLOS-state, with a probability 1− βd.

The first interferers on the typical link are those placed
in the first ball B1 (i.e. those that located at a distance
to the typical receiver comprised between 0 and R1). The
link between the typical DUE and the interferers can be
in LOS state, or in NLOS-state, with probabilities β1 or
1−β1, respectively. Moreover, recall that the link between an
interferer’s receiver and its related transmitter can be in LOS
or in NLOS. As we use channel inversion, Pu,j = hj , then
Pj = Lαsj , with s ∈ {L,N}. Thus, the set of the interferers
in the first ball comprises (i) the set of the interferers with
a LOS state link to the typical link and a LOS state link
between their own receiver and transmitter ΦD,L,L ∩ B1, (ii)
the set of the interferers with a LOS state link to the typical
link and a NLOS state link between their own receiver and
transmitter ΦD,L,N ∩ B1, (iii) the set of the interferers with
a NLOS state link to the typical link and a LOS state link
between their own receiver and transmitter ΦD,N,L ∩B1 and
(iv) the set of the interferers with a NLOS state link to the
typical link and a NLOS state link between their own receiver

and transmitter ΦD,N,N ∩ B1.
Similarly, the set of the interferers in the d-th ball com-

prises the same four cases depicted for the first ball (i.e.
ΦD,L,L∩Bd, ΦD,L,N ∩Bd, ΦD,N,L∩Bd and ΦD,N,N ∩Bd).
Then, the sum of the interferences Iagg,d in the d-th ball can
be expressed as in (9).

The aggregated interferences undergone by the typical
device corresponds to the sum of all the interferences for
all the balls. Subsequently, the aggregated interferences at a
typical DUE is given by (10).

B. SINR CHARACTERIZATION

The signal-to-interference-plus-noise ratio (SINR) at a typi-
cal DUE can be written as

Υi =
Pu,i

Iagg + Pn
, (11)

where Pn = σ2 ·W , σ2 = −174 dBm/Hz and W denote
the power of the noise at the typical device, the noise power
spectral density and the bandwidth, respectively. As a result,
by taking into account Assumption 6,

Υi =
hi∑D

d=1 Iagg,d + Pn
. (12)

Note on channel inversion

In this paper, we consider channel inversion. This implies that
the transmit power is calculated with respect to the distance
between the transmitter and the receiver (nevertheless, it does
not take into account the fading). In other words, Pu,i = hi.
The SNR (Signal to Noise Ratio) defined as the average
received signal power normalized by noise power [30] is
expressed as (for the i-th device):

SNRi =
PiL

−αs
i

Pn
, (13)

with s ∈ {L,N}, and thus Pn = 1
SNR . Note that we consider

the power of noise is similar for each device.

C. COVERAGE PROBABILITY

The Complementary Cumulative Distribution Function
(CCDF) of the SINR representing the probability that the
SINR is larger or equal to Ψ, as known as Coverage Prob-
ability, can be written :
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Iagg,d =
∑

Xj∈ΦD,L,L∩Bd

hjGi,jL
αL
j ‖Xj‖−αL +

∑
Xj∈ΦD,L,N∩Bd

hjGi,jL
αN
j ‖Xj‖−αL

+
∑

Xj∈ΦD,N,L∩Bd

hjGi,jL
αL
j ‖Xj‖−αN +

∑
Xj∈ΦD,N,N∩Bd

hjGi,jL
αN
j ‖Xj‖−αN

=
∑

s1∈{L,N}

∑
s2∈{L,N}

∑
Xj∈ΦD,s1,s2∩Bd

hjGi,jL
αs2
j ‖Xj‖−αs1 . (9)

Iagg =
D∑
d=1

Iagg,d =
D∑
d=1

∑
s1∈{L,N}

∑
s2∈{L,N}

∑
Xj∈ΦD,s1,s2∩Bd

hjGi,jL
αs2
j ‖Xj‖−αs1 . (10)

C(Ψ) = P
(

hi
Iagg + Pn

≥ Ψ

)
= P (hi ≥ Ψ (Iagg + Pn)) . (14)

1) Conditional Coverage Probabilities
We clearly see in (14) that the coverage probability depends
on the small-scale fading parameter hi that is different for
LOS and NLOS links. Thus, the overall coverage probability
can be written as follows:

C(Ψ) = PLCL(Ψ) + PNCN (Ψ) (15)

where PL, PN , CL(Ψ) and CN (Ψ) denote the probability
that the typical link is in LOS (i.e. hi ∼ Γ

(
NL,

1
NL

)
),

the probability that the typical link is in NLOS (i.e. hi ∼
Γ
(
NN ,

1
NN

)
), the conditional coverage probability if the

link is in LOS and the conditional coverage probability if the
link is in NLOS.

The analytical values of PL and PN can be found using
(2), and is written as in (16).

Lemma 1. For a s state link (with s ∈ {L,N}), the
conditional coverage probability is given as follows:

Cs(Ψ) =

Ns∑
n=1

(−1)n+1

(
Ns
n

)
e−usPnLIagg (us), (17)

where us = nηsΨ, ηs = Ns (Ns!)
− 1
Ns and LIagg (us)

denotes the Laplace transform of the aggregated interferences
for a s state link.

Proof: See Appendix A.

Lemma 2. The Laplace transform of the aggregated inter-
ferences can be written as in (18), where E

[
P (s)

]
denotes

the average transmit power of a DUE, with s ∈ {L,N}.
Proof: See Appendix B.

Theorem 3. From Lemmas 1 and 2, we can say that the
overall Coverage Probability is written as in (19).

D. ENERGY EFFICIENCY
1) Power Consumption
The power consumption of each UE implies two components:
the static power P0 and the transmit power Pt.

According to [46], the static power comprises the CPU
consumption, the battery consumption, among others, and the
display consumption. The average static power consumption
is 343.8 mW.

Moreover, as we have seen before, we use channel inver-
sion with a 10 dB SNR. Thus, the power of the typical signal
Pu,i received by the DUE receiver is 10 times higher than
the power of the noise Pn, where Pn = W × σ2: Pu,i =
SNR × W × σ2. Subsequently, the power emitted by the
transmitter in the direction of its receiver is Pe,0 = Pu,iL

αs
i ,

with s ∈ {L,N}. Then, the average power emitted by a
transmitter in the exact direction of its receiver is given as
follows:

Pe,avg = Pu,i

D∑
d=1

∑
s∈{L,N}

qd,sL
−αs
i (20)

Therefore, the transmit power of the device is given by (21).
Subsequently, the total power consumption Ptot of a UE

can be written Ptot = P0 +∆Pt, where 1/∆ is the efficiency
of the power amplifier [22], [47]. Then, the average power
consumption per unit area of UEs can be given by (22).

2) Energy Efficiency
We define the area spectral efficiency τ as the product of the
throughput of a given link and the density of UEs [22]. Then,

τ = λDC (Ψ) log2 (1 + Ψ) . (23)

This metric allows to calculate the energy efficiency, which
is defined as the ratio of the area spectral efficiency to the
average network power consumption, and is given by (24).

V. SIMULATIONS AND DISCUSSIONS
The parameters used in the following simulations are given in
Table 1. We consider that the D2D communications are using
mmWaves at 28 GHz. Moreover, we assume a 2-ball model
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{
PL = P [Li ∈ [0 ,R1 )]β1 +

∑D
d=2 P [Li ∈ [Rd−1 ,Rd)]βd,

PN = P [Li ∈ [0 ,R1 )] (1− β1) +
∑D
d=2 P [Li ∈ [Rd−1 ,Rd)] (1− βd).

(16)

LIagg (u) =
∏

G∈{MM,Mm,mm}

D∏
d=1

∏
s1∈{L,N}

∏
s2∈{L,N}

(18)

exp

(
−2πλD · pG · qd,s1 · qd,s2

ˆ
Bd

(
1−

(
1 + uE

[
P (s2)

] r−αs1
Ns1

)−Ns1)
rdr

)
.

C(Ψ) =
∑

s∈{L,N}

Ps
∏

G∈{MM,Mm,mm}

D∏
d=1

∏
s1∈{L,N}

∏
s2∈{L,N}

exp

(
−2πλD · pG · qd,s1 · qd,s2

ˆ
Bd

(
1−

(
1 + usE

[
P (s2)

] r−αs1
Ns1

)−Ns1)
rdr

))
. (19)

Pt =
Pu,i
NA

ˆ 2π

0

ζ2 (θA, NA, dA) dθA ×

 D∑
d=1

∑
s∈{L,N}

qd,sL
−αs
i

 . (21)

for blockage, as depicted in [22], [37]. The simulations are
made with a 10.000 round Monte-Carlo method.

We propose to analyze the coverage probability and the
energy efficiency for SNR=10 dB. We consider that the
maximum coverage distance is the same for both values of
SNR. We also consider that the linear array antennas have 1,
3 and 5 elements. Indeed, for a 5 element linear array, the
total antenna width is around 75 mm, which is appropriate
for a typical UE.

A. SPARSE NETWORK
1) Coverage Probability
Fig. 5 shows the CCDF of SINR for D2D links for mmWaves
in a network with λD = 2×

(
π1002

)−1
m−2.

First of all, we can see that the analytical results are highly
validated with the Monte-Carlo simulations. Nevertheless,
the difference between the simulations and the theoretical
results comes from the approximation in the calculation of
the Laplace transform of the aggregated interferences given
in Lemma 2.

We clearly see that the coverage probability converges to
the value of 1 if Ψ → −∞ for all the antenna models.
Nevertheless, this convergence is slower for low numbers of
elements. Indeed, for NA = 1, the coverage probability of
1 is reached for Ψ = −35 dB, whereas for NA = 5, this
value is reached for Ψ = −23 dB. This result is mainly
due to the directivity of the ULA. Indeed, the main lobe is
narrower for ULA-5 than for ULA-1. Thus, the aggregated
number of interferences that come from main lobe antennas
is decreased, as well as the power of interferences. This

improvement of SINR due to directive ULA antennas can
be seen for each SINR threshold: Fig. 5 shows a maximum
difference of 0.16 for the coverage probability between ULA-
1 and ULA-5.

However, the difference between ULA-3 and ULA-5 is
quite thin (maximum difference of 0.08) for every SINR
threshold. This result is due to the fact that in a sparse
network, i.e. with a low λD, the impact of pG, for G ∈
{MM,Mm,mm}, is not very high. This difference can be
calculated and easily proven with the numerical values given
in Table 3.

Finally, we can see the presence of a “step” in the cov-
erage probability. This step is clear for ULA-1, for Ψ ∈
(−4 dB,−9 dB), and is mainly due to the 2-LOS ball block-
age modeling. Actually, the blockage is more important for
omnidirectional antennas, as the power is emitted with the
same intensity in all directions. Thus, there is no attenuation,
and the LOS-ball model is more preponderant than with
directive antennas, for which the side lobes attenuate the
signal. Moreover, the low density of devices permit to have
this step (as the attenuation is more tangible than in a high
density of devices). This can be seen by comparing with Fig.
7.

2) Energy Efficiency

Fig. 6 shows the energy efficiency (EE) for D2D links in a
sparse network. This EE is obtained from (24). We clearly see
that the maximum EE values for each case are different. The
best EE is obtained for ULA-5 (which is not really surpris-
ing), and reaches a value of 0.83 bps/Hz/W for Ψ = 6.1. It
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2

Pavg = λD

P0 + ∆
Pu,i
NA

ˆ 2π

0

ζ2 (θA, NA, dA) dθA ×

 D∑
d=1

∑
s∈{L,N}

qd,sL
−αs
i

 . (22)

EE =
τ

Pavg
=

C (Ψ) log2 (1 + Ψ)

P0 + ∆ 1
NA

´ 2π

0
ζ2 (θA, NA, dA) dθA ×

(∑D
d=1

∑
s∈{L,N} qd,sL

−αs
i

) . (24)
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FIGURE 5: Analytical and simulation values of CCDF of SINR
for D2D links with mmWave ULA in a sparse network, with
λD = 2×

(
π1002

)−1
m−2 for NA = 1, NA = 3 and NA = 5.
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FIGURE 6: Energy Efficiency for D2D links with mmWave
ULA in a sparse network, with λD = 2 ×

(
π1002

)−1
m−2,

for NA = 1, NA = 3 and NA = 5.

is 0.16bps/Hz/W better than the maximum value for ULA-3
and 0.45 bps/Hz/W better than the maximum value for ULA-
1 (more than 2.3 times higher).

We also see in this figure that the maximum energy ef-
ficiency is not reached for the same threshold for all cases.
It can be proven mathematically by calculating numerically
∂EE
∂Ψ , and more precisely ∂C(Ψ)

∂Ψ . Indeed, for ULA-1, the
maximum value is reached for Ψ = 4.8 dB. For ULA-3, it
is reached for Ψ = 5.2 dB, and for ULA-5, it is reached for
Ψ = 6.1 dB.

Figs. 5 and 6 show that the use of directive ULA antennas
in sparse network is interesting, both in terms of SINR
and energy efficiency. Nevertheless, in this case, the use of
high number of elements antennas (i.e. more than 4) is not
necessary. Indeed, the cost of the ULA would be increased,
but the benefits in terms of spectral and energy efficiencies
are not so interesting. Thus, for sparse network applications,
we would recommend a ULA-3 to have a good compromise
between spectral efficiency, energy efficiency and antenna
cost.

B. DENSE NETWORK
1) Coverage Probability
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FIGURE 7: CCDF of SINR for D2D links with mmWave ULA in
a dense network, with λD = 20×

(
π1002

)−1
m−2, forNA = 1,

NA = 3 and NA = 5.

Fig. 7 shows the coverage probability for D2D links in
a dense network. We clearly see that the simulations and
theoretical results fit better than for a sparse network, which
is due to the high number of devices. As the density is greater
than in the first case, the approximation in the calculation
of LIagg for a Nakagami-m small-scale fading model is less
preponderant.

We clearly see that the difference in the coverage proba-
bility increases between each case compared to a sparse net-
work. Indeed, the higher difference in coverage probability
between ULA-3 and ULA-5 is 0.2, while between ULA-1
and ULA-5, this value reaches 0.45. Moreover, for a SINR
threshold of -10 dB in a sparse network, the difference in
terms of coverage probability between the omnidirectional
antenna model and the ULA-3 model is 0.11, whereas in a
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dense network, this difference equals 0.23. Similarly, in a
sparse network, the difference in terms of coverage prob-
ability between the omnidirectional antenna model and the
ULA-5 model is 0.15, whereas in a dense network, this
difference equals 0.52. This is mainly due to the following
two important aspects.

1) The number of devices is bigger, then the number of
aggregated interferences is higher, and then the attenu-
ation due to the ULA is more tangible.

2) The density is higher, then the distance between a
typical device and its interferers is decreased compared
to a sparse network. Thus, the number of interfering
devices located in the 2-LOS ball is bigger, as well as
the impact of the antennas attenuation.

The maximum difference of SINR between ULA-1 and
ULA-5 is 16 dB, which is very high. This difference will
undoubtedly lead to a huge difference in EE, as shown in
Fig. 8.

2) Energy Efficiency
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FIGURE 8: Energy Efficiency for D2D links with mmWave
ULA in a dense network, with λD = 20 ×

(
π1002

)−1
m−2,

for NA = 1, NA = 3 and NA = 5.

The energy efficiency for D2D links in a dense network
is shown in Fig. 8. As for a sparse network, the best EE is
obtained for ULA-5, and reaches a value of 0.118bps/Hz/W
for Ψ = 0.1 dB. It is 0.08 bps/Hz/W better than the
maximum value for ULA-3 and 0.11 bps/Hz/W better than
the maximum value for ULA-1 (more than 23 times higher).

As in sparse network, the maximum energy efficiency is
not reached for the same Ψ for all cases. For ULA-1, the
maximum value is reached for Ψ = −4.9 dB, for ULA-3, it
is reached for Ψ = −1.7 dB, and for ULA-5, it is reached for
Ψ = 0.1 dB.

Figs. 7 and 8 clearly show that the use of directive ULA
antennas in dense network is of great importance, and even
necessary. First, in terms of coverage probability, the use of
ULA-5 is very interesting. It permits to increase the SINR by
16 dB compared to ULA-1. But the main interest in the use
of ULA resides in the energy efficiency. Indeed, the use of

an uniform linear antenna with 5 elements permits to have an
energy efficiency that is more than 23 times better than with
an omnidirectional antenna. This means that the throughput
is increased, and the battery consumption is decreased.

Increasing the number of ULA elements can provide better
results, but at the price of practical and physical limitations.

VI. CONCLUSION
In this paper we have introduced mmWave directional anten-
nas in Outband D2D links. We have analyzed the possible
advantages of such a technology in a D2D-enabled network.
The analysis has been based on stochastic geometry theory
and linear array antenna design. We have proved that despite
the fact that mmWaves imply smaller coverage areas than
with conventional communications, the use of this technol-
ogy can considerably improve the spectral efficiency (SINR)
of an Outband D2D network. Subsequently, the energy ef-
ficiency can be highly improved by using multiple element
directional antennas. Indeed, the energy efficiency can be
increased by a factor 23 in a dense network with a ULA-
5, compared to an omnidirectional antenna. High number of
elements in mmWave ULAs is really interesting for D2D
communications (in terms of spectral efficiency and energy
efficiency), in particular for dense urban environments. How-
ever, the use of more than 3 element ULAs is not really
necessary for sparse networks in terms of energy efficiency.

.

APPENDIX A PROOF OF LEMMA 1
The conditional coverage probability of a threshold Ψ can be
calculated as follows:

Cs(Ψ) = P
(

hi
Iagg + Pn

≥ Ψ

)
(25)

= P (hi ≥ Ψ (Iagg + Pn)) (26)
(a)≈ 1− EΦD,s

[(
1− e−ηsΨ(Iagg+Pn)

)]
(27)

(b)
=

Ns∑
n=1

(−1)
n+1

(
Ns
n

)
EΦD,s

[
e−nηsΨ(Iagg+Pn)

]
(28)

(c)
=

Ns∑
n=1

(−1)
n+1

(
Ns
n

)
e−nηsΨPnLIagg (nηsΨ) ,

(29)

where Ns ∈ {NL, NN}, ηs = Ns (Ns!)
− 1
Ns (with s ∈

{L,N}), (a) is from [48], (b) comes from the fact that Ns is
an integer and from the Binomial theorem, and (c) follows
from the fact that the noise power and the power of the
aggregated interferences are independent random values.

APPENDIX B PROOF OF LEMMA 2
The Laplace transform of the aggregated interferences can
be calculated as in (30), where (a) comes from the defi-
nition of the Laplace transform of Iagg, (b) follows from
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LIagg (u) = E
[
e−uIagg

]
(30)

(a)
= Eh,G,ΦD,s1 ,ΦD,s2

exp

−u
 D∑
d=1

∑
s1∈{L,N}

∑
s2∈{L,N}

∑
Xj∈ΦD,s1,s2∩Bd

hjGi,jL
αs2
j ‖Xj‖−αs1


(b)
= EG,ΦD,s2

exp

−2πλD

 D∑
d=1

∑
s1∈{L,N}

∑
s2∈{L,N}

∑
Xj∈ΦD,s1,s2∩Bd

qd,s1

1−
(

1 +
uGi,jL

αs2
j ‖Xj‖−αs1
Ns1

)−Ns1
(c)

(c)
= EΦD,s2

exp

−2πλD

 ∑
G∈{MM,Mm,mm}

pG

D∑
d=1

∑
s1∈{L,N}

∑
s2∈{L,N}

∑
Xj∈ΦD,s1,s2∩Bd

qd,s1

1−
(

1 +
uGL

αs2
j ‖Xj‖−αs1
Ns1

)−Ns1
(d)
= exp

−2πλD

 ∑
G∈{MM,Mm,mm}

pG

D∑
d=1

∑
s1∈{L,N}

∑
s2∈{L,N}

qd,s1qd,s2

ˆ
Bd

1−
(

1 +
uGE

[
P (s2)

]
r−αs1

Ns1

)−Ns1 rdr

 , (31)

the moment-generating function of a Gamma distribution
(as hj ∼ Γ

(
Ns,

1
Ns

)
), (c) follows from the independence

between all the variables, and (d) follows from the fact that
each D2D link has the same length. This leads to the result in
Lemma 2.
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