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ABSTRACT D2D communication is one of the promising technologies to improve network performance
through direct wireless communication between users, without, or with limited participation of the base
station (BS). In this paper, we investigate the performance of D2D communication underlaying microwave
(µ-wave) and millimeter-wave (mm-wave) cellular networks using stochastic geometry. Rayleigh fading is
considered to characterize the µ-wave channels in both links, while the Rician fading is used to characterize
the mm-wave channel in the D2D and cellular desired link. The D2D communication is established when
the losses between the D2D transmitter and the D2D receiver are lower compared to the losses that exist
between the D2D transmitter and the BS receiver. On the other hand, to minimize the interference caused
by the coexistence of cellular and D2D communication and increase network performance, the Channel
Inversion-Based Power Control (CIPC) is studied. In this way, the Complementary Cumulative Distribution
Function (CCDF) for the successful transmission is obtained. Based on the analytical and numerical results,
we show an important increase in the probability of successful transmission using the CIPC and considering
the channel gains condition to establish the D2D communication compared to the traditional mode in which
power control is not used and no conditions are considered to establish the D2D communication.

INDEX TERMS 5G, device-to-device (D2D) communication, microwave cellular networks,
millimeter-wave cellular networks, Poisson point process, power control, Rayleigh fading, Rician
fading, stochastic geometry.

I. INTRODUCTION
The challenges for 5G and beyond wireless communica-
tions lie in achieving ultra-low latency, ultra-high reliability,
high data-rate connectivity (on the order of Gbps), resource
allocation and multiple access, quality latency-rate tradeoff,
high number of connected devices, high efficient, energy
efficiency, among others [1], [2]. With the 5G networks
implementation new applications are also emerging, such as
Device-to-Device (D2D) communication, Internet of Things
(IoT), Machine-to-Machine communication (M2M), Internet
of Vehicles (IoV), among others [3]. As one of the key tech-
nologies, D2D communication increases the network per-
formance in terms of Spectral Efficiency (SE) and Energy
Efficiency (EE), in addition to reducing transmission and
retransmission delay, traffic and computation offloading [4],
transmission power and alleviate congestion of cellular net-
works. D2D communication enables wireless transmission
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between users over the direct link without, or with limited,
participation of the BS or core network.

D2D communications is classified into inband D2D com-
munication, where the communication takes place in the
licensed cellular spectrum, providing SE due to the shar-
ing of licensed spectrum between D2D and cellular users,
and outband D2D communication where the communica-
tion takes place in the unlicensed spectrum [5]. In addition,
inband D2D is classified into underlay and overlay mode.
In overlay mode, dedicated spectrum is allocated to D2D
communication, cellular users (CUs) and D2D users (DUs)
use orthogonal channels. In underlay mode, D2D commu-
nication reuses the same spectrum, increasing the SE [6].
Nevertheless, the underlay mode becomes a new source of
interference. As a result, cellular links experience interfer-
ence from the D2D transmitters, and in spite of potential
gains that this mode offers, the coexistence of D2D and cel-
lular communication in the same spectrum creates technical
challenges, among them, the interference management in the
network. At present, power control techniques have been used

VOLUME 9, 2021
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 33255

https://orcid.org/0000-0001-6937-9897
https://orcid.org/0000-0001-8612-0166
https://orcid.org/0000-0003-0526-6687


J. Sebastian-Villa, D. Lara-Rodríguez: D2D Communication Underlaying µ-wave and mm-wave Cellular Networks Using CIPC

as a way to coordinate and mitigate the interference for D2D
communications [7].

On the other hand, given the current shortage of the
microwave spectrum, the key essence of 5G wireless net-
works and beyond lies in exploring the high frequency
millimeter-wave band. Even a small fraction of available
mm-wave spectrum can support hundreds of times of more
data rate and capacity over the current cellular spectrum.
Thus, due the abundance of unoccupied bandwidth available,
the mm-wave band is a potential solution to resolve the
spectrum crunch crisis and satisfy the requirements of 5G
and beyond mobile communications [8]. However, mm-wave
signal propagation is fundamentally different from that in tra-
ditional microwave band, and the propagation characteristics
at these bands have a fundamental impact on each aspect of
the cellular architecture, ranging from equipment design to
real-time performance in the field [9]. Hence, careful design
and consideration are necessary to ensure mm-wave cellular
networks can really fulfill their great potential.

Therefore, characterizing the performance of power con-
trol for D2D underlaying microwave and millimeter-wave
cellular network is highly important for 5G wireless, and this
problem is the main motivation of this paper.

The main contributions of this paper are summarized as
follows:

1) We develop an analytical framework to analyze the
uplink performance for the D2D communication underlaying
microwave and millimeter-wave cellular networks by using
stochastic geometry. The cellular and D2D users random
positions are spatially distributed as homogeneous Poisson
point processes. Two environments are considered to analyze
the uplink performance for the D2D communication under-
laying cellular network. First, the conventional microwave
cellular environment. In this case, it is assumed that the multi-
path fading follows a Rayleigh model. Second, the mm-wave
environment. For this case, it is assumed that the multipath
fading follows a Rician fading model with K -factor for the
desired signal, appropriate for each channel.

2) We propose a channel gain-based condition to establish
the D2D link, where the D2D communication is carried out
considering the channel gain between transmitter and receiver
to stablish the D2D link. In this way, the D2D link is stud-
ied considering that the losses between the D2D transmitter
and the D2D receiver are lower compared to the losses that
exist between the D2D transmitter and the BS, so that the
D2D communication is more adequate in comparison with
the normal cellular mode, increasing the performance of the
network. Also, we assume the channel inversion-based power
control as a strategy to mitigate the intra-cell interference
introduced by the cellular and D2D users coexistence.

3) Using stochastic geometry tools, we obtain the suc-
cessful transmission probability for cellular and D2D links
in both microwave and millimeter-wave environments. First,
we derive the general expressions and then, based on high
SIR approximation, the closed-form expressions for spe-
cific path-loss values are derived. Furthermore, the distance

distributions between users are derived as an additional result
to obtain these probabilities. Different simulations are per-
formed to validated analytical results obtained for our pro-
posed model.

4) Through the analytical and numerical results obtained
under the model studied in this paper, we show that the chan-
nel gain-based condition to establish the D2D link together
with CIPC provides a significant improvement in the success-
ful transmission probability for cellular andD2D links in both
microwave and millimeter-wave environments. Furthermore,
we observe that the mm-wave environment presents better
performance on the network compared to the microwave
environment, given the dominant path conditions presented
in the mm-wave environment under Rician fading.

The rest of the paper is organized as follows. The related
work is reviewed in Section II. In Section III, we present
the system model, the assumptions, the channel models
for microwave and mm-wave cellular environment, and the
power control technique implemented. In Section IV, we ana-
lyze the successful transmission probability in our pro-
posedmode selection strategy, for the different environments.
Section V presents and discusses the numerical and simula-
tion results. Finally, the paper is concluded in Section VI.
A summary of the notation used in this paper is given
in Table 1.

TABLE 1. Notation summary.

II. RELATED WORK
Several studies on power control in D2D communica-
tions have been conducted in the literature. The authors
in [10] and [11] present a complete and tractable ana-
lytical framework for D2D-enabled uplink cellular net-
works with a mode selection scheme along with truncated
power control. This framework is used to analyze and
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understand how the underlaying D2D communication affects
the cellular network performance. However, the truncated
power control only considers the large-scale path-loss, ignor-
ing the small-scale fading effects, in addition, only Rayleigh
fading environment is assumed, therefore, the Rician fading
environment was not analyzed. In [12], the authors pro-
pose a random network model for a D2D underlaid cellular
system using stochastic geometry and develops centralized
and distributed power control algorithms. For the distributed
power control method, the optimal on–off power control
strategy is proposed, which maximizes the sum rate of the
D2D links, but the power control is assumed to be some
average constant. A statistical-feature-based power control,
which determines the transmit power based on statistical CSI
is proposed in [13]. The proposed power control combines
the power control with opportunistic access control to reduce
the interference caused by D2D communications and max-
imize the area spectral efficiency of D2D communications;
however, power control is assumed to be an average con-
stant. Using stochastic geometry, the authors in [14] evaluate
the spectral efficiency and outage probability of D2D net-
works under generalized fading conditions assuming channel
inversion-based power control. However, for power control
the authors only consider the path-loss, ignoring the fading
effects. Besides, the transmission power is assumed an aver-
age constant. The authors in [15] present a comprehensive
framework to analyze the impact of aggregate interference
from an underlay clustered D2D network on the performance
of its primary cellular network, when different power control
schemes are used at the D2D network, but the power control
is used only at the D2D users and not at the cellular users.
A channel allocation scheme together with a set of three
power control schemes to mitigate interference in a D2D
underlaid cellular systemmodeled as a random network using
the mathematical tool of stochastic geometry is proposed
in [16]. However, for power control the authors only consider
the path-loss, ignoring the fading effects. Finally, the authors
in [17] propose a location-based power control approach to
mitigate the severe interference components for underlaying
D2D communication cellular network and the outage analysis
for the cellular andD2D user is carried out by using stochastic
geometry. Nevertheless, for power control the authors only
consider the path-loss, ignoring the fading effects.

As we can observe, in most of these studies the trans-
mission power of cellular and D2D users is assumed to be
some average constant or only considered the large-scale
pathloss, these assumptions simplify the derivation of the
analytical models. In practice, the transmit power of cellu-
lar and D2D users varies due to their large-scale path-loss
and small-scale fading and other factors. In this way, in our
study we use power control considering both effects. Further-
more, the most important difference lies in the fact that the
works [10]–[17] only consider the microwave environment,
since almost all current cellular systems are deployed in the
microwave bands [9]. In our work, it is considered both
the microwave environment and the mm-wave environment.

In addition, we consider the channel gains to establish D2D
communication, increasing the performance of the network.

On the other hand, several recent studies have also
addressed the mm-wave D2D communication. In [18],
the authors study the coverage and capacity of mm-wave
cellular systems with a special focus on their key differ-
entiating factors such as the limited scattering nature of
mm-wave channels. However, the authors do not consider
any power control. In [19] a hybrid communication model
which employs mm-wave communication when there is no
blockage, and switch to microwave otherwise, is proposed.
Nevertheless, the authors ignore the small-scale fading in
mm-wave environment and do not consider power control
for microwave and mm-wave communications. The authors
in [20] analyze the effect of interference cancellation in
downlink mm-wave communications and exploit partial zero
forcing at the user in order to cancel the interference from
a set of interfering BSs and derive closed-form expres-
sion for the probability of coverage. However, the authors
only study communications in mm-wave and consider the
Rayleigh fading for the mm-wave environment, which is not
an adequate model to characterize the channels, furthermore,
power control is not considered. Aiming at the problem of
aggravated interference caused by the increasing number of
devices, a transmitting power optimization algorithm is pro-
posed in [21], which combines the device association and
beamwidth selection, this algorithm is based in the premise
of guaranteeing the authenticity of mm-wave application sce-
nario. Also, an mm-wave D2D network model is introduced.
However, the authors do not present analytical results only
results obtained by simulation, in addition to not considering
power control in the developed model. In [22], the authors
model the locations of cellular transmitters and receivers as
homogeneous PPP and those of the D2D nodes as a Matérn
cluster process, and incorporate blockages due to random
objects, sectored antenna patterns, distance path-loss, and
Nakagami-m fading and derive closed-form expressions of
the moment generating function of the aggregate interference
on a D2D receiver node and its outage probability for two
transmitter-receiver association schemes. Nevertheless, the
authors use the truncated power control, this power control
only considers the large-scale path-loss, ignoring the small-
scale fading effects. An analytical framework is provided
in [23] to analyze the uplink performance of D2D enabled
mm-wave cellular networks with clustered D2D user equip-
ment. The locations of cellular users are modeled as a Poisson
point process, while the locations of potential D2D users are
modeled as a Poisson cluster process. SINR outage probabil-
ities are derived for both cellular and D2D links using tools
from stochastic geometry. However, the authors do not con-
sider any power control. The authors in [24] investigate the
outage probability performance of a D2D communication-
assisted mm-wave network by considering interference and
practical hardware distortion noises. The authors do not con-
sider the distance between the DU-TX and the DU-RX as a
random variable; therefore, the model is not realistic. Finally,
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in [25] the authors investigate resource allocation for D2D
communication in a mm-wave cellular network where D2D
users communicate in the cellular band and formulate an
optimization problem of subchannel and power allocation.
Nevertheless, the authors do not present analytical results
only results obtained by simulation.

Unlike these studies, for our analysis we use mm-wave
channel model, given by the Rician fading, based on mea-
surements presented in [26]–[30]. Also, we presented the
performance analysis for both the microwave environment
and the mm-wave environment, using channel-inverse power
control in both environments, thus, providing a more com-
plete framework reference.

III. SYSTEM MODEL
In this section, we present the system model for D2D com-
munications underlaying cellular network and the network
parameters.

A. NETWORK MODEL
We consider a single-cell interference scenario (see Fig. 1),
consisting of cellular and D2D uplinks. We assume that the
inter-cell interference is managed efficiently with inter-cell
interference control (ICIC) as a mechanism based on power
control or resource scheduling. Therefore, we focus only on
the intra-cell interference caused by the coexistence of a CU
and the D2D pair. Stochastic geometry model is used to char-
acterize the locations of the BS and users in the network. The
BS position is assumed to be spatially distributed according to
some independent stationary point process 8b over the two-
dimensional Euclidean plane, and the BS coverage area can
be considered as the Poisson-Voronoi cell.

FIGURE 1. Network model comprises of one CU, a BS and a D2D pair.
Where γ , ξ , ζ and ϕ denote the channel gains between the CU and the BS,
the DU-TX and the BS, the DU-TX and the DU-RX, and from the CU to the
DU-RX, respectively. Arrows indicate the direction of communication.

We assumed that the BS has only one active uplink CU
scheduled. The CU are assumed to be spatially distributed
as a Homogeneous Poisson Point Process (HPPP) 8c with
density λc, and transmission power Pc. The DUs in the net-
work are assumed to be distributed according to a HPPP 8d
with density λd , and transmission power Pd . For analytical

tractability, we assume that the point processes of cellular
users, D2D users and BS are independent.

On the other hand, we assume that a cellular uplink is active
in the cell, in the resource assigned to cellular communication
the D2D communication is established, this communication
is established considering that the channel gain between the
D2D transmitter (DU-TX) and the D2D receiver (DU-RX)
is greater than the channel gain between DU-TX and BS.
In this way, it is ensured that the D2D communication is the
most adequate because the losses are lower compared to the
losses that are towards the BS, taking advantage of the D2D
communication benefits.

B. CHANNEL MODEL AND D2D ASSOCIATION
We consider small-scale multipath fading and large-scale
path loss in the channel gain model. For the analysis,
we assumed two small-scale fading cellular environments.
The first one is a microwave environment, in which the multi-
path fading follows a Rayleigh fading model for both desired
and interferent signal, and the large-scale path loss obeys
the power law with path-loss exponent α. The second one
is a millimeter wave environment. In this case, we assumed
that the multipath fading follows a Rician fading model with
K -factor for desired signal, this assumption is based on the
results presented in [26]–[30]. This model can include the
line of sight (LOS) and non-line of sight (NLOS) effects,
depending on the K -factor values, as shown in [26]–[30]. For
the interfering channel, we assumed that the multipath fading
follows a Rayleigh model. Finally, the large-scale path-loss
obeys the power law with path-loss exponent β. All the
channel gains are assumed to be independent of each other
and identically distributed (i.i.d.).

It is important to consider these environments since the 5G
cellular systems will be deployed in both the microwave and
millimeter wave frequency bands [9].

The CU is associated with the geographically closest BS,
the random distance between which is denoted by r . The ran-
dom variable r can be shown to be Rayleigh distributed [31],
and its probability density function (PDF) is given by (1):

fc (r) = 2πλcr exp
(
−πλcr2

)
(1)

We assume that the random distance l between DUs and
BS also it is Rayleigh distributed and is given by (2):

fd (l) = 2πλd l exp
(
−πλd l2

)
(2)

C. CHANNEL INVERSION-BASED POWER CONTROL
The power control is an effective technique to mitigate the
interference in wireless networks. In order to minimize the
interference caused by the coexistence of both links (cellular
and D2D) and increases network performance, we studied
a Channel Inversion-Based Power Control (CIPC). In this
power control scheme, the DU-TX and CU selects its trans-
mission power, Pd and Pc respectively, based on the channel
condition. This power control supposes that the receivers
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have a channel state information (CSI). Under this assump-
tion, the effects of CIPC on D2D and cellular links are
studied.

Similar to [14] and [15], for microwave environment the
received signal power at the BS from the CU is Wµ

c =

PchCU ,BSd
−α
CU ,BS , where dCU ,BS is the distance from the CU

to the BS, α is the path-loss exponent and hCU ,BS represents
the small-scale fading. On the other hand, the receiver signal
powerWµ

c must be equal to the minimum required reception
power Pmin, i.e., PchCU ,BSd

−α
CU ,BS = Pmin and assuming

CIPC the cellular transmission power is given by (3):

Pc =
Pmin dαCU ,BS
hCU ,BS

(3)

Similar to the microwave environment, for mm-wave envi-
ronment, the received signal power at the BS from the CU is
Wmm
c = P̃ch̃CU ,BSd

−β
CU ,BS , where P̃c is the mm-wave cellular

transmission power, h̃CU ,BS represents the small-scale fad-
ing and β is the path-loss exponent. Note that, the distance
is the same and only changes the path-loss exponent, the
small-scale fading and P̃c. Thus, assuming CIPC and that
the received signal power Wmm

c must be equal to the mini-
mum required reception power Pmin, the cellular transmission
power can be expressed as (4):

P̃c =
Pmin d

β
CU ,BS

h̃CU ,BS
(4)

For the D2D link in microwave environment, the received
signal power at the DU-RX from the DU-TX is Wµ

d =

PdhTX ,RX d
−α
TX ,RX , where dTX ,RX is the distance from the

DU-TX to the DU-RX and hTX ,RX represents the small-scale
fading. Therefore, assuming CIPC and that the receiver signal
powerWµ

d must be equal to the minimum required reception
power Pmin, the D2D transmission power is given by (5):

Pd =
Pmin dαTX ,RX
hTX ,RX

(5)

In mm-wave environment, the received signal power at
the DU-Rx from the DU-TX is Wmm

d = P̃d h̃TX ,RXd
−β
TX ,RX ,

where P̃d is the mm-wave D2D transmission power, h̃TX ,RX
represents the small-scale fading. Hence, assuming CIPC the
D2D transmission power is given by (6):

P̃d =
Pmin d

β
TX ,RX

h̃TX ,RX
(6)

Note that this power control compensates the large-scale
path-loss and small-scale fading effects, so that a minimum
reception power is always ensured, increasing the network
performance.

IV. PERFORMANCE ANALYSIS
In this section, we obtain the probability density function of
the distance between users and later, using stochastic geom-
etry we derive the cellular and D2D Successful Transmis-
sion Probability for microwave and mm-wave environment
using CIPC.

A. DISTANCES DISTRIBUTIONS
The distance between the CU and its nearest BS follows a
Rayleigh distribution. On the other hand, we need to know
the probability density function of the distance between the
CU and DU-RX. This PDF is given in Lemma 1.
Lemma 1: The probability density function of the distance

dCU ,RX between a typical CU and a DU-RX can be expressed
as (7):

fCU ,RX (x)=2πλnx exp
(
−πλnx2

)
, λn=

λcλd

λc + λd
(7)

Proof: See Appendix A.
Note that this distance also follows a Rayleigh distribution

and that its parameter λn is a function of the densities of both
processes.

Under the assumption that the random distance between
DUs and BS is Rayleigh distributed, we must compute the
probability density function of the distance between the
DU-TX and DU-RX, note that they are two points of the same
process, this PDF is given in Lemma 2.
Lemma 2: The probability density function of the distance

dTX ,RX between the DU-TX and the DU-RX is given by (8):

fTX ,RX (y) = 2πλmy exp
(
−πλmy2

)
, λm =

λd

2
(8)

The proof is the same that the Lemma 1. The distances
dCU ,RX and dTX ,RX are illustrated in Fig. 2.
Another important probability density function for our

analysis is the ratio between two distances when each follow
a Rayleigh distribution. This PDF is given in Lemma 3.

FIGURE 2. Illustration of the distances dCU,RX and dTX ,RX . The BS is
assumed to be located at the origin, the CU and DUs are located at r and l
with respect to the BS, respectively.

Lemma 3: The probability density function of the ratio
between two distances D = d1/d2, when each have a
Rayleigh distribution with parameter λ1 and λ2 respectively,
follow a Burr distribution [32] with parameters λ = 1/

√
3,

k = 1 and c = 2 is given by (9):

fD (d) =
23d(

3d2 + 1
)2 (9)

where 3 = λ1/λ2, is the density factor used in a Burr
distribution.

Proof: See Appendix B.
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B. SIGNAL-TO-INTERFERENCE RATIO
In this paper, we focus on the interference limited scenario
since the interference is greater than the noise, i.e., the noise
can be despised, and the Signal-to-Interference Ratio (SIR) is
dominated.

Without loss of generality, similar to [10]–[17] we conduct
the analysis on a typical cellular link that comprises a typical
BS located at the origin and its associated cellular user located
at a random distance dCU ,BS away. The received SIR at the BS
in microwave environment, can be expressed as (10):

SIRµc =
PchCU ,BSd

−α
CU ,BS

PdhTX ,BSd
−α
TX ,BS

=

(
dTX ,BS
dTX ,RX

)α hTX ,RX
hTX ,BS

(10)

where Pc and Pd denotes the cellular and D2D power trans-
mission using CICP given by (3) and (5) respectively, dTX ,BS
is the distance between the DU-RX and the BS, dTX ,RX
denotes the distance between the DU-TX and the DU-RX,
hTX ,RX ∼ exp (1) and hTX ,BS ∼ exp (1) denotes the expo-
nentially fading distribution with unit mean from the DU-TX
to the DU-RX and from the DU-TX to BS respectively over
the Rayleigh fading channel.

A typical D2D link comprises a D2D transmitter located
at some point in the network and a D2D receiver located
at a random distance dTX ,RX away. Shift the coordinates
such that the typical D2D receiver is located at the origin.
Given that the translations do not change the distribution of
PPP [33], the received SIR of the typical D2D linkmicrowave
environment can be expressed as (11):

SIRµd =
PdhTX ,RXd

−α
TX ,RX

PchCU ,RXd
−α
CU ,RX

=

(
dCU ,RX
dCU ,BS

)α hCU ,BS
hCU ,RX

(11)

where dCU ,RX is the distance between the CU and the D2D
receiver, dCU ,BS denotes the distance between the CU and
the BS, hCU ,RX ∼ exp (1) and hCU ,BS ∼ exp (1) denote the
exponentially fading distribution with unit mean from the CU
to the DU-RX from the CU to BS respectively.

Like the microwave environment, the received SIR at the
BS in mm-wave environment is given by (12):

SIRmmc =
P̃ch̃CU ,BSd

−β
CU ,BS

P̃d h̃TX ,BSd
−β
TX ,BS

=

(
dTX ,BS
dTX ,RX

)β h̃TX ,RX
h̃TX ,BS

(12)

where P̃c and P̃d denotes the cellular and D2D power
transmission using CICP for mm-wave channels given
by (4) and (6) respectively and h̃TX ,BS ∼ exp (1) denotes the
exponentially distributed fading power with unit mean from
the DU-TX to BS (interfering link) over the Rayleigh fading
channel. Due that the desired link between the DU-TX and
the DU-RX experience the Rician fading, hence the PDF of
h̃TX ,RX is given at [34] by (13):

fh̃TX ,RX (h) = exp (−Kd − h) I0
(√

4Kdh
)

(13)

where I0 (·) is the zeroth order modified Bessel function of
the first kind, and Kd is the Rician fading parameter that is
defined as the ratio between the amplitude of the dominant

path and the variance of the weak paths. On the other hand,
the received SIR of the typical D2D link mm-wave environ-
ment can be expressed as (14):

SIRmmd =
P̃d h̃TX ,RXd

−β
TX ,RX

P̃ch̃CU ,RXd
−β
CU ,RX

=

(
dCU ,RX
dCU ,BS

)β h̃CU ,BS
h̃CU ,RX

(14)

where h̃CU ,RX ∼ exp (1) denotes the exponentially dis-
tributed fading power from the CU to DU-RX over the
Rayleigh fading channel, and for the desired link from CU
to BS, the PDF of h̃CU ,BS is given by (15):

fh̃CU ,BS (h) = exp (−Kc − h) I0
(√

4Kch
)

(15)

where Kc is the Rician fading parameter for cellular link.
Note that (13) and (15) are used to obtain the cellular and
D2D successful transmission probability in the mm-wave
environment (see Appendix D).

C. MICROWAVE SUCCESSFUL TRANSMISSION
PROBABILITY
The successful transmission probability is defined as the
probability that the SIR exceeds a threshold T , i.e. P =
P (SIR > T ), equivalently to the CCDF of SIR.

The cellular successful transmission probability in
microwave environment is defined as (16):

Pµc = P

((
dTX ,BS
dTX ,RX

)α hTX ,RX
hTX ,BS

> T

∣∣∣∣ hTX ,RXdαTX ,RX
>
hTX ,BS
dαTX ,BS

)
(16)

Applying some algebra over (16) we obtain (17):

Pµc =P
(
hTX ,RX >ThTX ,BSDαc

∣∣ hTX ,RX >hTX ,BSDαc ) (17)

whereDc = dTX ,RX/dTX ,BS and follows the PDFwith param-
eter 3c = λn/λd given in lemma 3, expression (9).

The condition is due to the fact that D2D communication is
established considering that the channel conditions between
the DU-TX and the DU-RX are greater that the channel
conditions between the DU-TX and BS. In this way, it is
ensured that the D2D communication is the most adequate
since the losses are lower compared to the losses that are
towards the BS. The D2D successful transmission probability
is defined as (18):

Pµd = P

((
dCU ,RX
dCU ,BS

)α hCU ,BS
hCU ,RX

> T

∣∣∣∣ hTX ,RXdαTX ,RX
>
hTX ,BS
dαTX ,BS

)
(18)

Note that the condition is independent of the SIR, therefore
the successful transmission probability is given by (19):

Pµd = P
(
hCU ,BS > ThCU ,RXDαd

)
(19)

where Dd = dCU ,BS/dCU ,RX and follows the distribu-
tion with parameter 3d = λc/λm given by lemma 3,
expression (9).
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The cellular and D2D successful transmission probabil-
ities in microwave environment are given in the following
theorems.
Theorem 1: For CIPC in microwave environment, the cel-

lular successful transmission probability is given by (20):

Pµc =
ρ (3c, α,max {1,T })

ρ (3c, α, 1)
(20)

Theorem 2: For CIPC in microwave environment, the suc-
cessful transmission probability for D2D user can be
expressed as (21):

Pµd = ρ (3d , α,T ) (21)

where ρ (3, α,T ) is given by (22):

ρ (3, α,T ) =
∫
∞

0

23u(
3u2 + 1

)2
(Tuα + 1)

du (22)

Proof: See Appendix C.

D. MILLIMETER-WAVE SUCCESSFUL TRANSMISSION
PROBABILITY
Like to the microwave environment, the cellular successful
transmission probability in mm-wave environment is defined
as (23):

Pmm
c = P

(
h̃TX ,RX > T h̃TX ,BSDβc

∣∣∣ h̃TX ,RX > h̃TX ,BSDβc
)
(23)

Remembering that the condition is independent of the
SIR, therefore the D2D successful probability in mm-wave
environment is given by (24):

Pmm
d = P

(
h̃CU ,BS > T h̃CU ,RXD

β
d

)
(24)

Note that the distances ratio distribution is the same regard-
less of the environment. The cellular and D2D success-
ful transmission probabilities in mm-wave environment are
given in the following theorem 3 and theorem 4, respectively.
Theorem 3: Inmm-wave environment, the successful trans-

mission probability of the cellular uplink using CICP is given
by (25):

Pmm
c =

ζ (3c, β,Kc,max {1,T })
ζ (3c, β,Kc, 1)

(25)

Theorem 4: In mm-wave environment, the D2D successful
transmission probability can be calculated as (26):

Pmm
d = ζ (3d , β,Kd ,T ) (26)

where ζ (3, β,K ,T ) is given by (27):

ζ (3, β,K ,T ) = 1− 23
∫
∞

0

Tvβ+1(
3v2 + 1

)2 (Tvβ + 1
)

× exp
(
−

K
Tvβ + 1

)
dv (27)

Proof: See Appendix D.

Corollary 1: For high value of T , the expression of
ζ (3, β,K ,T ) can be approximated as (28):

ζ (3, β,K ,T ) ≈ 1−
∫
∞

0

23v(
3v2 + 1

)2 exp(− K
Tvβ

)
dv

(28)

Proof: Given large values of T we have that
1 + Tvβ → Tvβ , therefore (Tvβ+1)/(1 + Tvβ ) is reduced
to only v, and in this way, we obtain Corollary 1.
Using Corollary 1, we can obtain closed-form results of

special cases for path-loss exponent values.

E. SPECIAL CASES
In the case of α = 2, ρ (3, α,T ) for the successful transmis-
sion probability for cellular and D2D users for microwave
environment is given by (29):

ρ (3, 2,T ) =
3(3+ T (ln (T/3)− 1))

(3− T )2
(29)

And for α = 4 which is widely used for wireless systems,
ρ (3, α,T ) for Microwave environment can be expressed
as (30):

ρ (3, 4,T ) =
3

2
(
32 + T

)2 × (233
− π
√
T32
+ πT

3
2

+ 2T3
(
ln
(
32/T

)
+ 1

))
(30)

In the mm-wave channel models for 5G wireless networks
described in [35]–[37], it was showed that some environments
have values of path-loss exponent β between 2 and 4. Some of
these environments include indoor, urbanmicrocell, suburban
macrocell and given the nature of D2D communications,
line-of-sight conditions can be experienced. For path loss
exponent β = 2, ζ (3, β,K ,T ) for the successful trans-
mission probability for cellular and D2D users for mm-wave
environment is given by (31):

ζ (3, 2,K ,T ) =
3K
T

exp
(
3K
T

)
0

(
0,
3K
T

)
(31)

where 0 (a, x) is the incomplete gamma function defined by
0 (a, x) =

∫
∞

x ta−1 exp(−t)dt . And for path loss exponent
β = 4 the function ζ (3, β,K ,T ) is given by (32):

ζ (3, 4,K ,T ) =
√
πη − η exp (−η)

×
[
πErfi

(√
η
)
− Ei (η)

]
(32)

where Erfi(x) is the imaginary error function and Ei(x) is the
exponential integral defined by Ei (x) =

∫ x
−∞

t−1 exp (t) dt ,
and η = 32K/T .

It is noted that the derived successful transmission proba-
bilities analytical expressions are simple and depending only
on the densities factors, the SIR threshold, and the Rician
K -factor (for mm-wave environment).
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V. NUMERICAL RESULTS AND DISCUSSION
In this section, we validate the analytical results and evalu-
ate the performance of our proposed system model through
numerical simulation. We provide some numerical results to
compare analytical results with simulation results. To justify
analytical results, the simulations with 1 × 105 realizations
are performed to plot the successful transmission probabil-
ity of cellular and D2D users for microwave and mm-wave
environment for different system metrics such as, path loss
exponents, densities users and Rician factors. The system
parameters used are summarized in table 2.

For the results presented in this section, specifically fig. 3
and fig. 4, we can observe that the analytical results closely
match with the corresponding simulations results, which val-
idates our analysis.

TABLE 2. System parameters.

FIGURE 3. Cellular and D2D Successful Transmission Probability in
microwave and mm-wave environment for α = 2.

In Fig. 3 and 4 we present the cellular and D2D successful
transmission probability in microwave and mm-wave envi-
ronment for α = 2 and α = 4, respectively.

We can show that mm-wave environment achieves higher
successful transmission probability than microwave envi-
ronment. This is because, given the channel properties,
the interference in mm-wave is much smaller compared
with microwave environment when a strong dominant path

FIGURE 4. Cellular and D2D Successful Transmission Probability in
microwave and mm-wave environment for α = 4.

FIGURE 5. Cellular Successful Transmission Probability comparison in
microwave environment between NPC-NC, CIPC-NC, and CIPC-C.

exists between the desired receiver and transmitter. So, that
interfering signals affect to a lesser extent having a weak
amplitude. Also, given the existence of a dominant compo-
nent for LOS or NLOS environments, the desired received
signal is stronger.

Fig. 5 shows the cellular successful transmission prob-
ability in microwave environment when power control is
not used and no condition is considered to establish D2D
communication (NPC-NC), when CIPC is used as a power
control but no condition is considered to establish D2D com-
munication (CIPC-NC) and when CIPC is used and a channel
gain condition is considered to establish D2D communication
(CIPC-C). We can observe that CIPC-C presents better per-
formance with a successful transmission probability of 100%
compared to 35% for NPC-NC when T = 0 dB, provide
a network performance improvement. Note that for CIPC-C
the D2D communication are established considering the best
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FIGURE 6. D2D Successful Transmission Probability comparison in
microwave environment between NPC-NC, CIPC-NC, and CIPC-C.

FIGURE 7. Cellular Successful Transmission Probability comparison in
mm-wave environment between NPC-NC, CIPC-NC, and CIPC-C.

channel betweenDU-TX andDU-RX respect DU-TX and BS
so the interference is reduced in the cellular link.

Fig. 6 shows the successful transmission probability for
D2D link inmicrowave environment for NPC-NC, CIPC-NC,
and CIPC-C. As can be observed, due to the power control,
CIPC-NC and CIPC-C have the same performance and can
be provide more than 30% performance improvement for the
network respect to NPC-NC. On the other hand, Fig. 7 shows
the cellular successful transmission probability in mm-wave
environment. We can observe that in mm-wave the cellular
link has better performance respect to microwave environ-
ment, besides CIPC-C presents better performance that other
cases, providing an improvement of about 28%.

For D2D communication in mm-wave environment,
in Fig. 8 we can see that the same effect occurs as in
the microwave environment, due to the power control, the

FIGURE 8. D2D Successful Transmission Probability comparison in
mm-wave environment between NPC-NC, CIPC-NC, and CIPC-C.

FIGURE 9. Successful Transmission Probability vs. the D2D density λd for
microwave and mm-wave environment.

performance is the same when it is conditioned and when the
D2D communication is not conditioned.

Fig. 9 shows the impact in the D2D successful transmis-
sion probability for microwave and mm-wave environment
of different D2D density users. We can see that increasing
DUs density leads to a decrease in the successful transmis-
sion probability, clearly, when the density of users increases,
the proximity of users produces more interference, degrading
the network performance.

Finally, as the Fig. 10 shows, the cellular and D2D suc-
cessful transmission probability under Rician fading for mm-
wave environments increases with the fading parameterKand
is always lager than under Rayleigh fading (microwave envi-
ronment). So, if when we have large K -factors the amplitude
of the dominant path is much higher than the variance of
the weak paths. Thus, the K -factor impact becomes more
important.
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FIGURE 10. Successful Transmission Probability for different factors
under CIPC.

VI. CONCLUSION
In this paper, we investigated the performance of D2D
communication using power control in microwave and
millimeter-wave cellular networks considering the underlay
mode of operation. Two different environments have been
investigated, themicrowave environment, where the Rayleigh
model is assumed to describe the multipath fading, and the
millimeter-wave environment, where it is assumed that the
multipath fading follows a Rician model. On the other hand,
we propose a channel gain-based condition to establish the
D2D link, where the D2D communication is carried out
considering the channel gain between transmitter and receiver
to stablish the D2D link. Also, we assume the channel
inversion-based power control as a strategy to mitigate the
intra-cell interference and increase the network performance.
Moreover, using the stochastic geometry tools, we derived
the successful transmission probability for cellular and D2D
links in both microwave and millimeter-wave environments.

The performance gains are validated by analytical and
numerical results. The results show that the proposed model
presents better performance when a channel gain-based con-
dition is considered to carry out the D2D communication and
the power control is used to mitigate the interference. More-
over, we observe that the mm-wave environment presents
better performance than the microwave environment, due to
its channel characteristics. Future work could investigate,
inter-cell interference, other power control techniques and the
effect of multiple antennas and beams at the base station and
devices.

APPENDIX
A. PROOF OF LEMMAS 1 AND 2
The Fig. 2 illustrates the considered setting to obtain the
distance between two points (CU and DU-RX) of different
point processes, we assume that the BS is located at the
origin, the point of the processes81 is located at (x1, y1) with

distance to the origin do,1 where its PDF is characterized by
Rayleigh distribution given by (33):

fdo,1 (r1) = 2πλ1r1 exp
(
−πλ1r21

)
(33)

On the other hand, the point of the processes82 is located
at (x2, y2) with distance to the origin do,2 with PDF charac-
terized by Rayleigh distribution given by (34):

fdo,2 (r2) = 2πλ2r2 exp
(
−πλ2r22

)
(34)

Besides, let d1,2 be the distance between both points. There-
fore, the distance d1,2 can be obtained as (35):

d1,2 =
√
(x2 − x1)2 + (y2 − y1)2 (35)

where x1 and x2 follow a PDF with parameters λ1 and λ2
respectively given by (36):

fX (x)
(a)
=
√
λ exp

(
−πλx2

)
∼NX

(
µX = 0, σX =

1
√
2πλ

)
(36)

where (a) is obtained for the transformation x = r cos (θ)
when θ is uniformly distributed between −π and π , r fol-
lows a Rayleigh distribution, and NX (µX , σX ) is the normal
distribution with parameters µX and σX .

On the other hand, y1 and y2 also follow a Normal distri-
bution with parameters λ1 and λ2 respectively, this as a result
of the transformation y = r sin (θ) when −π < θ < π is
uniformly distributed, r follows a Rayleigh distribution, and
is given by (37):

fY (y) =
√
λ exp

(
−πλy2

)
∼NY

(
µY = 0, σY =

1
√
2πλ

)
(37)

Derived from the properties of the normal distribution,
we have that the difference x = x1 − x2 between two
random variables normally distributed also follows a Normal
distribution given by (38):

fX (x) ∼ NX
(
µX2 − µX1 , σ

2
X2 + σ

2
X1

)
∼ NX

(
µX = 0, σX =

√
2πλ2 + 2πλ1
(2π)2 λ2λ1

)

∼ NX

(
µX = 0, σX =

1
√
2πλe

)
(38)

where λe = (λ1λ2)/(λ1 + λ2). The difference y = y2 − y1
also follows a Normal distribution given by (39):

fY (y) ∼ NY

(
µY = 0, σY =

1
√
2πλe

)
(39)

Finally, the distance d1,2 between both points can be
obtained as (40):

d1,2 =
√
x2 + y2

(b)
∼ Rayleigh

(
σ =

1√
2πλeq

)
(40)
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where (b) is obtained by the fact that the sum of two squared
random variables with Normal distribution with same param-
eter σ and mean zero follows a Rayleigh distribution. When
both points belong to the same point process, the frame-
work to obtain the distance is the same with the difference
that λ = λ1 = λ2 and λe = λ/2. Note that when λ1 = λc
and λ2 = λd we have (7) and when λ = λd we
have (8).

B. PROOF OF LEMMA 3
Let x and y be two random variables with Rayleigh distribu-
tion each one with parameters λ1 and λ2 respectively, and the
ratio z = x/y between two random variables can be obtained
as (41):

fZ (z) =
∫
∞

0
wfX (zw)fY (w) dw (41)

Therefore, when x and y follow a Rayleigh distribution, and
by (35) the ratio is given as (42):

fZ (z) = λ1λ2 (2π)2 z
∫
∞

0
w3 exp

(
−πw2

(
z2λ1 + λ2

))
(42)

By a change of variable t = πw2
(
z2λ1 + λ2

)
we have:

fZ (z) =
2λ1λ2z(

z2λ1 + λ2
)2 ∫ ∞

0
t exp (−t)dt

(a)
=

2λ1λ2z(
z2λ1 + λ2

)2 (b)
=

23z(
3z2 + 1

)2 (43)

where (a) follows with the definition of the gamma function∫ x
−∞

t exp (−t) dt = 0 (2) = 1; (b) follows by divide the
numerator and denominator by λ22 and change 3 = λ1/λ2
and applying some algebra we completed the proof.

C. PROOF OF THEOREMS 1 AND 2
The successful transmission probability for a typical cellular
user in microwave environment given in theorem 1 can be
calculated as follows:

Pµc = P
(
hTX ,RX > ThTX ,BSDαc

∣∣ hTX ,RX > hTX ,BSDαc
)

The condition in the successful transmission probability is
since the channel conditions are considered to establish D2D
communication. Using Bayes’ rule, we have:

Pµc =
P
(
hTX ,RX > ThTX ,BSDαc , hTX ,RX > hTX ,BSDαc

)
P
(
hTX ,RX > hTX ,BSDαc

)
(a)
=

P
(
hTX ,RX > hTX ,BSDαc max (1,T )

)
P
(
hTX ,RX > hTX ,BSDαc

)
where (a) is obtained for the intersection of both events.
Due that hTX ,RX and hTX ,BS are i.i.d. and exponentially
distributed with unit mean, we can see that the probabil-
ity for numerator and denominator are the same with the
only change of factor max(1,T ) that is a constant. First,

we focus on the terms in the numerator and we can write it as
follows:

P
(
hTX ,RX > hTX ,BSDαc t

)
=

∫
∞

0

∫
∞

0

∫
∞

hTX ,BSDαc t
fTX ,RX (x)fTX ,BS (y) fDc (z) dxdydz

(a)
=

∫
∞

0

∫
∞

0

[∫
∞

yzα t
exp (−x) dx

]
exp (−y)

23z(
3z2 + 1

)2 dydz
(b)
=

∫
∞

0

[∫
∞

0
exp

(
−y

(
zαt + 1

))
dy
]

23z(
3z2 + 1

)2 dz
(c)
=

∫
∞

0

1
(zαt + 1)

23z(
3z2 + 1

)2 dz (44)

where t = max (1,T ), (a) follows from substituting the PDF
of hTX ,RX , hTX ,BS and Dc in the integral and by changing the
variable hTX ,RX = x, hTX ,BS = y, Dc = z, (b) is obtained
by solving the integral over x and evaluating, (c) is obtained
by applying some algebra and solving the integral over y and
evaluating at the integration limits. For denominator is the
same framework only changing t by 1 and is given by (45):

P
(
hTX ,RX > hTX ,BSDαc

)
=

∫
∞

0

1(
z2 + 1

) 23z(
3z2 + 1

)2 dz
(45)

On the other hand, the successful transmission probability
for a typical D2D receiver in microwave environment given
in theorem 2 can be calculated as:

Pµd = P
(
hCU ,BS > ThCU ,RXDαd

)
=

∫
∞

0

∫
∞

0

∫
∞

hTX ,BSDαc T
fTX ,RX (x) fTX ,BS (y) fDc (z) dxdydz

(a)
=

∫
∞

0

1(
z2T + 1

) 23z(
3z2 + 1

)2 dz = ρ (3, λ,T ) (46)

where (a) is obtained following the same framework used to
obtain (44). Note that (44) and (45) can be expressed like (46)
as follows ρ (3, α,max (1,T )) and ρ (3, α, 1), respectively.

D. PROOF OF THEOREMS 3 AND 4
The cellular successful transmission probability in mm-wave

environment given in (25) can be obtained as follows:

Pmm
c = P

(
h̃TX ,RX > T h̃TX ,BSDβc

∣∣∣ h̃TX ,RX > h̃TX ,BSDβc
)

Like microwave environment, the condition is due to the
fact the D2D communication is established considering the
channel conditions. Using Bayes’ rule, we have:

Pmm
c =

P
(
h̃TX ,RX > T h̃TX ,BSD

β
c , h̃TX ,RX > h̃TX ,BSD

β
c

)
P
(
h̃TX ,RX > h̃TX ,BSD

β
c

)
=

P
(
h̃TX ,RX > h̃TX ,BSD

β
c max (1,T )

)
P
(
h̃TX ,RX > h̃TX ,BSD

β
c

)
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where h̃TX ,BS is exponentially distributed with unit mean,
h̃TX ,RX is distributed with PDF given by (13) when we model
the channel as Rician fading channel, therefore for the numer-
ator we have:

P
(
h̃TX ,RX > h̃TX ,BSDβcw

)
=

∫
∞

0

∫
∞

0

∫
∞

h̃TX ,BSD
β
c w
fh̃TX ,RX (x)fh̃TX ,BS (y) fDc (z) dxdydz

(a)
=

∫
∞

0

∫
∞

0

[∫
∞

yzβw
e−Kd−xI0

(√
4Kdx

)
dx
]
e−yfDc (z) dydz

(b)
=

∫
∞

0
fDc (z)

∫
∞

0
e−y

∞∑
m=0

e−KdKm
c

m!0 (m+ 1)

∫
∞

yzβw
xme−xdxdydz

(c)
=

∫
∞

0
fDc (z)

∫
∞

0
e−y

∞∑
m=0

e−KdKm
d

m!m!
0
(
m+ 1, yzβw

)
dydz

(d)
=

∫
∞

0
fDc (z)

∫
∞

0
e−y

∞∑
m=0

e−KdKm
d m!

m!m!
e−yz

βw

×

m∑
n=0

(
yzβw

)n
n!

dydz

=

∫
∞

0
fDc (z)

∞∑
m=0

e−KdKm
d

m!

m∑
n=0

(
zβw

)n
n!

×

∫
∞

0
yne−y

(
zβw+1

)
dydz

(e)
=

∫
∞

0
fDc (z)

∞∑
m=0

e−KdKm
d

m!

m∑
n=0

(
zβw

)n(
zβw+ 1

)n+1 dz
(f )
=

∫
∞

0
fDc (z)

∞∑
m=0

e−KdKm
d

m!

[
1−

(
zβw

zβw+ 1

)m+1]
dz

(g)
= 1−

∫
∞

0

23z(
3z2 + 1

)2 zβw
zβw+ 1

exp
(
−Kd

zβw+ 1

)
dz (47)

wherew = max (1,T ), (a) follows from substituting the PDF
of h̃TX ,RX , h̃TX ,BS and Dc in the integral and by change of
variable h̃TX ,RX = x, h̃TX ,BS = y, Dc = z, (b) is obtained
by expanding I0

(√
4Kdx

)
into infinite series according

to [38, 8.350], (c) is obtained because the inner integral
can be changed into gamma incomplete function 0 (a, x)
given in [39,8.350.2], (d) is derived by expand 0 (a, x)
into infinite series following [39,8.352.2] and substituting
0 (m+ 1) = m!, (e) is obtained by integrating each term
in y, (f ) is derived summing the series in n, finally (g) is
obtained applying some algebra, summing the series in m
and substituting the PDF of Dc. For denominator is the same
procedure only changing w by 1 and is given by (48):

P
(
h̃TX ,RX > h̃TX ,BSDβc

)
= 1−

∫
∞

0

23z(
3z2 + 1

)2 zβ

zβ + 1
exp

(
−Kd
zβ + 1

)
dz (48)

On the other hand, the successful transmission probability
for a typical D2D receiver in mm-wave environment given

in (26) can be obtained following the same framework used
to obtain (47) with w = T and changing Kd by Kc when
h̃CU ,BS is distributed with PDF given by (15), therefore can
be expressed as (49):

Pmm
d = P

(
h̃CU ,BS > T h̃CU ,RXD

β
d

)
=

∫
∞

0

∫
∞

0

∫
∞

h̃TX ,BSD
β
c T
fh̃TX ,RX (x)fh̃TX ,BS (y) fDc (z) dxdydz

= 1−
∫
∞

0

23z(
3z2 + 1

)2 zβT(
zβT + 1

) exp( −Kc
zβT + 1

)
dz

(49)

For corollary 1 we apply the approximation for high SIR
regimen where for large values of T we have that 1+Tvβ →
Tvβ , therefore (Tvβ+1)/(1 + Tvβ ) = v, then (49) can be
approximating by (50):

Pmm
d ≈ 1− 23

∫
∞

0

z(
3z2 + 1

)2 exp(−KcTzβ

)
dv (50)

Note that (49) is the function ζ (3, β,K ,T ), thus (47) can
be expressed like (49) for high SIR approximation as follows
ζ (3, β,K ,max (1,T )) and ζ (3, β,K , 1).
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