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Abstract

The exponentially growing need for higher data rates and the ubiquitous usage of smartphones has
led to unprecedented issues in providing seamless communication while satisfying bandwidth con-
straints. Enabling Device-to-Device (D2D) communication in the millimeter-wave (mm-Wave) network
enhances throughput and bandwidth but at the cost of higher pathloss attenuation. Also, D2D com-
munication introduces interference in the traditional cellular network (CN), leading to degradation
in the system performance. Thus, the proposed scheme applies dynamic mode selection criteria for
efficient D2D communication in a 5G mm-Wave CN. The radius of coverage of D2D users (D2Ds) is
derived for switching of the modes, i.e. from inner to outer. The outer mode switching occurs when
the D2Ds suffer from extensive pathloss attenuation or with increase in coverage radius. Furthermore,
power optimization is done to obtain optimal D2D transmit power thereby, enhancing the data rate,
which is solved using the Lagrangian dual optimization technique. The performance metric, coverage
probability is also derived which depicts the capability of the proposed scheme at a higher pathloss
attenuation maintaining the Quality-of-Service (QoS) constraint. Simulation results prove the effi-
cacy of the proposed scheme. Finally, the proposed scheme is compared with the state-of-the-art
schemes which further proves the superiority of the proposed scheme in terms of better efficiency.

Keywords: D2D communication, Power control, Coverage probability, Mode selection

1 Introduction

A plethora of new applications, like smart grid,
Internet of Things (IoT), and Internet of Vehi-
cles (IoV), are expected to be supported under the
umbrella of 5G systems. The proliferation of intel-
ligent devices and the introduction of the latest

multimedia applications, together with exponen-
tial growth in the demand and usage of wireless
data, are already creating a burden on existing cel-
lular networks. Remote control of appliances and
electronic business machines over a dependable 5G
network is expected to be available with minimal
delay in a realistic ”technological world”. Mobile
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users will control machines in real-time, making
the IoT more accessible to everyone. Finally, but
not least, less energy-intensive nodes in the net-
work will be necessary to achieve an eco-friendly
era. Agiwal et al. [1] present a comprehensive
review of the transition of cellular networks from
1G to 5G. Mobile networks are likely to benefit
from 5G in terms of data transmission speed, scal-
ability, connection, and energy efficiency (EE).
In this modern era, D2D communication via cel-
lular network (CN) is seen as a critical approach
for mitigating the exponential increase of user
expectation for extremely low latency, high data
rate and low power consumption. The primary
improvement in uplink performance is turning
out to be progressively significant because of the
increasing popularity of symmetric traffic applica-
tions like social networking, video calls, real-time
generation and sharing of media content. D2D
communication is a direct link between the two
devices or users in close proximity that does not
need a base station (BS) deployment. Nowadays,
new applications, such as location-awareness and
content distribution advertising, have resulted in
several innovative D2D use cases in CN. D2D users
(D2Ds) may share their data either in overlay or
underlay mode. In overlay D2D communication,
there is no overlap of resources between the cel-
lular users (CUs) and D2Ds. However, because of
the restricted usage of the authorized spectrum,
overlay D2D depicts extremely low efficiency
and throughput. In contrast, the underlay spec-
trum allows D2Ds to share bandwidth with CUs,
enhancing the overall throughput and efficiency.
The article [2-3] suggests that D2D communica-
tion via CN is still in its early phases, with power
control and interference management challenges.
Wei et al. [4] discusses some significant D2D com-
munication technological problems and certain
critical research factors that enable D2D commu-
nication in underlay CN. The topics covered are
distance-based resource allocation, power control,
mode selection and multi-antenna transmission
techniques for D2D communication. Gupta and
Jha [5] proposed a survey on 5G network and
discussed short-range communication technolo-
gies such as mm-Wave communication, small cell,
visible light communication (VLC), and WiFi,
depicting increased data rate for inside users. Lit-
erature on 5G CN design, D2D communication,

and machine-to-machine (M2M) connectivity is
also highlighted. Uplink frequency is chosen to be
lesser than downlink channel frequency in mobile
communication because transmit power is more
valuable at the battery end. Also, lower frequency
suffers from lesser pathloss which helps in miti-
gating the interference [6]. Hence, uplink channel
frequency is preferred over downlink frequency.
Shah and Li [7] proposed a relay-assisted D2D
communication, allowing devices to exchange data
and extend the coverage through a relay technique
for increased transmission distance and capacity.
Using a commonly known analytical method, the
effective capacity (EC), researchers assessed the
statistical quality-of-service (QoS) guarantees of
a D2D network assisted by a full-duplex (FD)
relay. Bany and Haythem [8] proposed a pro-
tocol that uses D2D multi-hop transmission to
reduce latency for individual downlink communi-
cation while maximizing network resource usage,
leading to enhanced overall throughput. For sin-
gle and multi-channel scenarios, the performance
of the proposed protocol is compared to that
of the IEEE 802.11a-based protocol. The severe
interference at the cell edges is the most visi-
ble constraint that Ultra-Reliable Communication
(URC) faces. To reduce interference and use URC,
authors in [9] adopted Interference Management
(IM) techniques like Soft Frequency Reuse (SFR)
and Fractional Frequency Reuse (FFR).
Worldwide bandwidth constraint has encouraged
research into adopting mm-Wave frequency spec-
trum for next-generation D2D communication
networks and cellular broadband, posing issues
for wireless operators. To enable D2D communi-
cation in the mm-Wave frequency, hurdles must
be tackled and dealt with. The frequency and the
wavelength range for the mm-Wave communica-
tion are 30-300 GHz and 1 to 10 mm, respectively.
mm-Wave communication has the following char-
acteristics: (i) more considerable propagation loss
than the microwave band, (ii) smaller wavelength,
and (iii) larger penetration loss. The smaller
wavelength of the mm-Wave frequency causes
problems in diffraction to the BS broadcast sig-
nal. Because the transmitted signal has a higher
penetration loss than the microwave spectrum, it
is primarily restricted to indoor conditions [10].
A frequent misconception in the wireless engi-
neering industry is that rain and atmospheric
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conditions render the mm-Wave spectrum unsuit-
able for mobile communication. Experimentation
[10] shows that air absorption affects signal trans-
mission for cell sizes of less than 200 m. At 28
GHz, a pathloss of 0.012 dB is observed for a cell
size of less than 200 m. Similarly, for a distance
above 200 m, a path loss of 1.4 dB is measured
at 28 GHz. mm-Wave signal suffers considerable
path loss as it travels through a concrete struc-
ture or solid material. Concrete walls and painted
boards exhibit 178 dB and 20 dB attenuation at 40
GHz, respectively [10]. At the 5G mm-Wave net-
work, interference is a major stumbling block for
D2D communication in the 5G mm-Wave network.
There are two forms of interference in D2D com-
munication: co-channel and cross-channel inter-
ference. Cross-channel interference occurs when
two users operating on distinct channels interfere
with each other. Co-channel interference refers
to interference between two users operating on
the same frequency. Service providers can cur-
rently expand beyond the present 4G channel
capacity of 20 MHz using the mm-Wave spec-
trum. The authors in [11] discussed resource
allocation and frequency reuse approaches to over-
come interference and efficiency issues, as well
as proposed an experience based dynamic soft
frequency reuse technique in the 28GHz 5G mm-
Wave band. Users at the cell edge experience low
throughput and signal-to-interference-plus-noise
ratio (SINR). The proposed technique dynami-
cally shares resources between cells and prevents
unused resources from being wasted. The mode
selection for D2D communication in a CN was
explored in this research.

1.1 Related works

D2D mode switching is energy efficient as it
decreases the usage of user terminal energy. Feng
et al. [12] proposed a framework to address opti-
mization challenges in each of the three transmis-
sion modalities. In dedicated and cellular modes,
the author first uses the parametric Dinkelbach
technique to divide the optimization issue into
sequential convex subproblems. The optimization
issue becomes more difficult while reusing the
model owing to interference between the RCU
(regular cellular users) and the D2D pair. The
authors solved the problem by using concave-
convex method (CCCP) subproblems after the

parametric Dinkelbach transformation by repeat-
edly linearizing the non-convex component of the
objective function [12]. Huang et al. [13] pro-
posed that if a pair of D2Ds are in proximity
and orthogonal resources are provided, frame-
work adopts D2D dedicated mode. The proposed
model combines mode selection, power control,
and resource allocation into a unified framework.
EE is utilized instead of sum rate as a goal, which
is significant for uplink scenarios, while faulty
channel state information (CSI) is another prac-
tical consideration. Khuntia et al. [14] proposed a
resource sharing method for channel assignment
and power allocation in a downlink scenario for
D2D communication. A new approach is presented
to increase the system capacity without interfer-
ing with the QoS of CUs. Several D2Ds utilize
the same CUs channel, and each D2D pair reuses
numerous channels from various CUs. Following
channel assignment, power optimization is done on
the pre-assigned channels for each D2D user using
the Lagrangian dual optimization technique. This
leads to the maximization of the sum rate of D2Ds.
Chia-Hao et al. [15] demonstrated how interfer-
ence between two links might be coordinated to
improve the total rate without overpowered cel-
lular service and proper power control. The work
focuses on the optimal sum rate via power con-
trol for various modes. The author assumed a
complete CSI scenario for the base station (BS)
to optimize resource sharing mode selection. Lee
et al. [16] proposed a centralized and distributed
power control approach based on stochastic geom-
etry for D2D underlay cellular systems. Because
of the additional D2D connections, centralized
power regulation improves the CN throughput
while ensuring regular communication for uplink
CUs. Future research might look at the impact
of numerous BS antennas, other cell interferences,
and optimization of combined resource allocation
and power management. Venugopal et al. [17] dis-
cussed some important facts such as very high
throughput (upto the order of Gbps) for D2D com-
munication among wearable devices in mm-Wave
frequency. Interference may be a major problem
when a number of these devices are in close prox-
imity. This study examines the performance of
the mm-Wave network with a finite number of
interferers in a finite network region using stochas-
tic geometry. The preliminary results are that
even with omnidirectional transceiver antennas,
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mm-Wave frequencies may offer gigabit through-
put, and system performance is improved with
more directed antenna arrays. Sarma et al. [18]
discussed the performance of D2D communica-
tion for an uplink channel in an underlay mm-
Wave based network. The mm-Wave spectrum
contributes considerable interference, resulting in
pathloss attenuation of the user’s signal. The sug-
gested power control system offers a mechanism
for ensuring maximum throughput by keeping the
power within upper and lower boundaries. The
suggested scheme’s low outage probability assures
higher performance, which undoubtedly allows
D2D communication in the 5G mm-Wave network.
This approach ultimately assures the system net-
work’s fairness. mm-Wave communication, which
allows mobile devices to receive tremendously high
data rates, is a promising technology for 5G CN.
In order to exploit the massive bandwidth avail-
able on the directional mm-Wave network, D2D
communication needs to be integrated. mm-Wave
BSs can also be densely deployed in metropolitan
areas to achieve optimal transmission rates and
overall capacity. Fast neighbour discovery is neces-
sary for mobile users to discover neighbouring BSs
and switch to the BS with the best signal quality
[19].
In mm-Wave based 5G networks, a promising
interference management methodology for overlay
D2D communication is proposed. For the problem
elimination, the theory offers an alternative offer
bargaining game (AOBG), which is a quasi Nash
bargaining solution. D2Ds in close proximity strive
for a higher SINR. The likelihood of an outage
diminishes as the SINR level rises. The presented
theory indicates that when distance and interfer-
ence grow, the system throughput and SINR can
be kept substantially constant [20]. Zhong et al.
[21] proposed a scheme for potential coverage for
both CUs and D2Ds. CUs rely on FD mode relays
to connect to the BS. If the necessary SINR is
less than 5dB, FD relay-assisted transmission can
enhance D2D network. mm-Wave acts as a cat-
alyst for next-generation cellular networks as a
carrier frequency. Existing Ultra High Frequency
(UHF) mobile network ideas are not well adapted
to mm-Wave networks. The findings in [22] show
that adding a relay node to the cellular or D2D

network improves the coverage probability. Trans-
mission capacity varies with node density for var-
ious SINR thresholds. Sarma et al. [23] discussed
that D2D communication is advantageous at 28
GHz because 5G architecture facilitates enormous
IoT connection leading to improvement in spec-
trum efficiency (SE). When data is sent from
sensors to end-users over an IoT network, interfer-
ence impacts the system. As a result, an effective
resource allocation strategy is required to reduce
interference while enhancing data flow. Dynamic
sectorization is used to overcome the issues of user
traffic. Following that, a power optimization issue
is constructed and solved using the Lagrangian
dual optimization approach. The summary of the
related works portraying the objectives, optimiza-
tion techniques and other parameters are shown
in Table 1.

1.2 Contribution

The authors in the article focuses on the trade-
off between the pathloss attenuation and dynamic
mode selection for D2Ds in a 5G mm-Wave net-
work employing an uplink channel. The main
contribution of this paper is furnished as follows:
(a) Interference such as blockage effect, atmo-
spheric attenuation, rain attenuation, foliage loss
etc. is minimized using the proposed power opti-
mization technique.
(b) Radius of coverage for communication between
D2Ds is derived by switching the modes. D2Ds
employ dynamic mode selection criteria based on
the derived coverage radius. D2D communication
is mostly accomplished via the inner mode. How-
ever, due to dense proximity users, increase in
pathloss attenuation, and poor SINR, D2D com-
munication is switched to outer mode.
(c) The proposed power optimization allocation
problem is a non-convex mixed-integer non-linear
programming (MINLP) problem that can not be
solved in polynomial time. Using the Lagrangian
dual optimization approach, the optimal power for
each D2Ds is calculated from the predetermined
channels.
(d) Further, the performance of the system is ana-
lyzed by deriving the coverage probability of D2Ds
for varying pathloss exponents.
(e) The proposed scheme is also compared with
the state-of-the-art technique which proves its effi-
ciency over the state-of-the-art schemes.
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The remainder of this article is categorized as
follows. In Section 2, the system and path loss
model with some basic assumptions are discussed.
Section 3 presents the problem formulation for
dynamic mode selection of D2D communication
employing an uplink channel in a 5G mm-Wave
network. Further, the mathematical analysis of
coverage radius, power optimization and coverage
probability of D2Ds in inner and outer modes is
presented. In Section 4, simulation results and the
analysis of results are presented, followed by the
conclusion and future work in Section 5.

2 Proposed scheme

2.1 System model

A single cell is considered in a 5G mm-Wave based
uplink CN with numerous CUs, D2Ds, and their
interferences on D2Ds as shown in Figure 1. In
our work, we have considered an uplink channel
because it showcases lesser interference than the
downlink channel [24]. The BS is placed at the
focal point of the cell. In this scenario, a total
of N number of CUs keyed by C = [1, 2, .....N ]
and L number of D2Ds keyed by D = [1, 2, ....L]
are unevenly distributed in the same cell ensuing
Poison Point Process (P) (φ). Here, D2D com-

Fig. 1 System model portraying interferences on D2D
users

munication is typically carried out in two modes
namely, inner mode and outer mode. Inner and
outer modes are defined by the value of the dis-
tance of the transmitter D2Ds from the BS, given

by r
′

. D2D communication is typically carried
out in the inner mode, but with the increase in
the number of proximate D2D devices and radius
of coverage, communication gets switched to the
outer mode. The proposed work considers that the
uplink resource of a single CU can only be used
by a single D2D at any particular time instant.
The CUs and inner mode D2Ds use the cellular
frequency, i.e., 2 GHz, while the outer mode D2Ds
use the mm-Wave frequency, i.e., 28 GHz. It is
assumed that the total number of channels is the
same as the total number of CUs. Furthermore, it
is also assumed that the BS has complete knowl-
edge about the location of CUs and D2Ds, as well
as their respective pathloss exponents. In addi-
tion, the BS is believed to have a comprehensive
awareness of the CSI. The symbols and explana-
tions used throughout the paper, as well as their
definitions, are listed in Table 2.

2.2 Pathloss model

Communication in the mm-Wave spectrum
encounters interference from various sources, as
already mentioned. As a result, to limit the various
interference, a stringent path loss model should be
adopted. The path loss model used for free-space
path loss (FSPL) is derived from [25] and is as
follows,

FSPL(f, 1m)[dB] = 20log10
(4πfc × 109)

c

= 32.4[dB] + 20log10fc

(1)

The carrier frequency is denoted by fc, while the
speed of light is denoted by c. In this paper, fc is
changed in accordance with the inner and outer
modes. Inner mode D2D communication uses a
frequency of 2 GHz, whereas outer mode D2D
communication occurs at a frequency of 28 GHz.
The pathloss in dB for free space at a transmitter-
receiver (T-R) distance of 1m is represented by
FSPL(f, 1m). Nowadays, many buildings possess
infrared reflective glasses, and the penetration loss
correlated with them varies. As a result, the large
scale pathloss model as defined by NYUSIM [25]
for a 1 m reference distance is as follows,

PL(f, d)[dB] = FSPL(f, 1m)[dB] + 10αlog10(d)

+AT [dB] + χσ

(2)
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Table 1 List of notations

Symbols and their significance
S.No Symbols Definitions
1 N Number of CUs
2 L Number of D2Ds
3 fc Carrier frequency
4 d Distance between T-R
5 σ Standard deviation in decibel
6 α Path loss exponent of the channel
7 β Power compensation factor
8 Aa Interference due to atmospheric absorption

9 Px, Py, Pk, Pz Transmit power of xth CU user, yth D2D inner mode user,
kth D2D outer mode user and zth rest of the users

10 Gx, Gy, Gk, Gz Rician channel coefficients for cellular links, inner mode
D2D, outer mode D2D and the remainder of the users

11 dx, dy, dk Distance across CUs, inner mode D2Ds, and outer mode
D2Ds

12 Yc, Ydi
, Ydo

Signal received by CUs, inner mode D2Ds, and outer mode
D2Ds

13 γc, γdi
, γdo

SINR for cellular, inner mode D2Ds as well as outer mode
D2Ds

14 Pxmax
Maximum tolerable interference which the D2Ds can persist

15 Rc, Rdi
, Rdo

Total sum rate associated with CU, inner mode D2D and
outer mode D2D

16 φ Poisson Point Process Distribution
17 γth Minimum SINR Threshold
18 B1, B2 Bandwidth allocated to inner and outer modes
19 r Coverage radius
20 ρc, ρdi

Density of CUs as well as inner mode D2Ds
21 λ, µ Lagrangian multipliers
22 δ Weight parameter for controlling transmit power
23 Qp Set containing all the transmission powers for D2Ds
24 Ic, Idi

Interference at cellular and inner mode D2Ds
25 LIc(s),LIdi

(s) Laplace transform of interference at CUs and D2Ds

26 Pmax Total transmit power budget of the user
27 σ2

n Thermal noise power
28 η Shadow fading with a log-normal distribution and zero

mean
29 No Thermal noise component

where d represents the three-dimensional separa-
tion distance between the T and R, α the path
loss exponent, χσ denotes the log normal shadow
fading having zero mean with σ standard devia-
tion (in dB), and AT the atmospheric absorption
interference.
The channel gain (Rician fading channel) G

between two users may be expressed as G =

10(
−PL
10 ), which is proportional to the distance

between T and R and has an independently
and symmetrically exponential distribution with
a mean of µ−1. The existence of a stronger line of
sight signal component when the amplitude gain is
defined by Rician distribution is termed a Rician
fading channel [26].
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3 Problem formulation

The expression for the received power of CUs and
D2Ds following Rician distribution is as follows,

Pr = Pt.G.d
α(β−1); Pt ∈ (0, Pmax) (3)

where Pt represents the transmitted power, and β
denotes the power compensation factor. If β = 0,
no power compensation is applied to the signal
path loss. When β = 1, it means that path loss
has been entirely compensated.
When the CU communicates with the BS, the
received signal comprising of the interference from
the other CUs as well as some of the other D2Ds,
can be depicted as follows,

Yc =

√

Px.Gx.dx
α(β−1) +

L∑

y=1

√

Py.Gy.dy
α(β−1)

+

M∑

z=1
z ̸=x

√

Pz.Gz.dz
α(β−1) +No

(4)

The first term in this equation reflects the signal
received from the BS. The second term represents
the sum of all those interference coming from dif-
ferent users. The third component is the sum of
all D2D user interference, while the last term rep-
resents the thermal noise component (No). In this
case, the distribution of the CUs and D2Ds is rep-
resented by PPP i.e. φ.
Similarly, the signal received by the D2D user in
the inner mode is as follows,

Ydi
=

√

Py.Gy.dy
α(β−1) +

M∑

x=1

√

Px.Gx.dx
α(β−1)

+

L∑

z=1
z ̸=y

√

Pz.Gz.dz
α(β−1) +No

(5)

In this case, Px and Py indicate the transmission
power of the xth CUs and the yth D2Ds in inner
mode, respectively. The distance between a pair
of D2Ds in inner mode and a pair of CUs is rep-
resented by dx and dy respectively. The Rician
channel fading coefficients of cellular link and
inner mode D2D link is indicated by Gx and Gy

respectively.
Similarly, the signal received by the D2Ds in the
outer mode is as follows,

Ydo
=

√

Pk.Gk.dk
α(β−1)

+

L∑

z=1
z ̸=k

√

Pz.Gz.dz
α(β−1) +No

(6)

In this case, Pk represents the transmission power
of the kth D2D user in outer mode, whereas Pz

indicates the transmission power of the remaining
users, i.e., CU or D2D user. The distance between
a pair of D2D user in outer mode is denoted by
dk. The Rician fading channel coefficients for the
outer mode D2D link and the remainder of the
users, i.e., CUs or D2Ds, respectively, are denoted
by Gk and Gz respectively. Therefore, the SINR
for CU can be expressed as,

γc =
Px.Gx.dx

α(β−1)

∑L

y=1 Py.Gy.dy
α(β−1) +

∑M
z=1
z ̸=x

Pz.Gz.dz
α(β−1)

+ σ2
n

(7)
Similarly, the SINR for the D2Ds in inner mode is
given as,

γdi
=

Py.Gy.dy
α(β−1)

∑M

x=1 Px.Gx.dx
α(β−1) +

∑L
z=1
z ̸=y

Pz.Gz.dz
α(β−1)

+ σ2
n

︸ ︷︷ ︸

Tc

=
Py.Gy.dy

α(β−1)

Tc
(8)

And, the SINR for a D2Ds in outer mode is
expressed as,

γdo
=

Pk.Gk.dk
α(β−1)

∑L
z=1
z ̸=k

Pz.Gz.dz
α(β−1) + σ2

n

(9)

Now, using Shannon’s formula, the total sum rate
for the CUs, and the D2Ds (for inner as well as
outer modes) can be expressed as follows,

Rc = B1 log2(1 + γc) (10)
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Rdi
= B2 log2(1 + γdi

) (11)

Rdo
= B2 log2(1 + γdo

) (12)

Here,B1 andB2 represents the bandwidth for CUs
and D2Ds respectively.

3.1 Radius of Coverage

We have assumed that the SINR of inner mode
D2Ds should be greater than or equal to the SINR
threshold which can be written as follows,

γdi
≥ γth (13)

Let us assume that Pxmax
be the maximum toler-

able interference that the D2Ds can withstand, as
obtained from equation (8). It is also assumed that
Px = Pxmax

. Thus, from equation (8) the value for
Tc can be expressed as follows,

Tc =

M∑

x=1

Pxmax
.Gx.dx

α(β−1)

+

L∑

z=1
z ̸=y

Pz.Gz.dz
α(β−1) + σ2

n

(14)

Now, we combine equations (13) and (14). We
have assumed that dy = r which represents the
distance of D2D transmitter from the BS,

Py.Gy.r
α(β−1)

Tc
≥ γth

rα(β−1) ≥
γth.Tc

Py.Gy

rα(1−β) ≥
Py.Gy

γth.Tc

(15)

r ≥

(

Py.Gy

γth.Tc

) 1
α(1−β)

→ for outer mode D2D

(16)

r <

(

Py.Gy

γth.Tc

) 1
α(1−β)

→ for inner mode D2D

(17)
To communicate in inner mode, i.e. using cellular
frequency, D2Ds must meet the conditions spec-
ified in equations (16) and (17). However, if the
value of radius r surpasses the value r

′

, the D2D is
assigned to outer mode for communication where

r
′

=

(

Py.Gy

γth.Tc

) 1
α(1−β)

.

Therefore, equations (16) and (17) can serve as a
criteria for dynamic mode selection for the D2Ds
i.e. from inner mode to outer mode. The next
subsection discusses about the power optimization
scheme and also helps in the formulation of the
problem statement for optimization.

3.2 Power Optimization

For every admissible D2D pair, the optimal power
allocation for D2D pairs in inner and outer modes
are considered to ba a maximization problem for
a given QoS as shown below,

max
Py∈Qp

((

Rdi
+Rdo

)

− δPy

)

(18)

subject to the constraints,

a1 : Py ≤ Pmax (19)

a2 :
Py.Gy.dy

α(β−1)

Tc
≥ γth; β ∈ (0, 1) (20)

The goal of the function is to maximize the D2D
sum rate by taking into account the transmit
power with some fixed weight δ(0,∞), in order
to increase the coverage capacity by reducing the
necessary sum power. In this case, Qp is the set
that contains all of the transmission power for
D2Ds. The limitation in equation (19) reflects the
maximum power limit of each D2Ds, whereas the
constraint in equation (20) represents the mini-
mum threshold of D2D user in inner mode.
Here, β, a binary assignment variable β(0, 1) signi-
fies a power compensation factor. When the value
of β = 0, there is no power compensation on the
signal path loss, but if β = 1, it signifies that path
loss is fully compensated. The best solution for
the stated issue in equation (18) is difficult since
the problem is non-convex because the objective
function and restrictions are not jointly concave.
The non-convex nature of the problem is opti-
mised using Lagrange dual optimization in order
to obtain an optimal solution.
The Lagrangian associated with the problem (18)
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may be as follows,

L(Py, µ, λ)

= δPy −B2

{

log2

(

1 +
PyGydy

α(β−1)

Tc

)

+ log2

(

1 +
PkGkdk

α(β−1)

∑L
z=1
z ̸=k

PzGzdz
α(β−1) + σ2

n

)}

+ λ(Py − Pmax) + µ

(

Tc −
PyGydy

α(β−1)

γth

)

= δPy −B2

{

1

ln 2
ln

(

1 +
PyGydy

α(β−1)

Tc

)

+
1

ln 2
ln

(

1 +
PkGkdk

α(β−1)

∑L
z=1
z ̸=k

PzGzdz
α(β−1) + σ2

n

)}

+ λ(Py − Pmax) + µ

(

Tc −
PyGydy

α(β−1)

γth

)

= Py

[

δ + λ− µ

(

Gydy
α(β−1)

γth

)]

−
B2

ln 2
ln

[

1 +
PyGydy

α(β−1)

Tc

]

−max +c

−
B2

ln 2
ln

[

1 +
PkGkdk

α(β−1)

∑L
z=1
z ̸=k

PzGzdz
α(β−1) + σ2

n

]

(21)

Let us assume that ζ = δ + λ− µ

(

Gy.dy
α(β−1)

γth

)

.

Now, differentiating equation (21) w.r.t Py, we
obtain,

∂L(Py, λ, µ)

∂Py

= ζ −
B2

ln 2
.

1
(

1 +
Py.Gy.dy

α(β−1)

Tc

) .
Gy.dy

α(β−1)

Tc

= ζ −
B2

ln 2
.

(

Gy.dy
α(β−1)

Tc + Py.Gy.dy
α(β−1)

)

(22)

Now, equating equation (22) to zero, we get,

ζ =
B2

ln 2
.

(

Gy.dy
α(β−1)

Tc + Py.Gy.dy
α(β−1)

)

=⇒ Tc + Py.Gy.dy
α(β−1) =

B2

ζ ln 2
.Gy.dy

α(β−1)

=⇒ Py.Gy.dy
α(β−1) =

B2

ζ ln 2
.Gy.dy

α(β−1) − Tc

=⇒ Py =
B2

ζ ln 2
−

Tc

Gy.dy
α(β−1)

(23)
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To determine dual function f(λ, µ), we have
replaced Py in equation (23).

f(λ, µ)

=

[

B2

ζ ln 2
−

Tc

Gy.dy
α(β−1)

]

ζ

−
B2

ln 2
. ln

[

1 +
Pk.Gk.dk

α(β−1)

∑L
z=1
z ̸=k

Pz.Gz.dz
α(β−1)

+ σ2
n

]

− λ.Pmax + µ.Tc
B2

ln 2
ln

[

1

+

[

B2

ζ ln 2 − Tc

Gy.dy
α(β−1)

]

.

(

Gy.dy
α(β−1)

)

Tc

]

= −

[

B2

ζ ln 2
−

Tc

Gy.dy
α(β−1)

]

.(−ζ)

−
B2

ln 2
. ln

[

1 +
Pk.Gk.dk

α(β−1)

∑L
z=1
z ̸=k

Pz.Gz.dz
α(β−1)

+ σ2
n

]

− λ.Pmax + µ.Tc −
B2

ln 2
ln

[

1

+

(

1

ζ

)

.
B2.Gy.dy

α(β−1)

(ln 2).Tc
− 1

]

=
B2

ln 2
. ln(ζ)−

Tc

Gy.dy
α(β−1)

.(ζ)

−
B2

ln 2
. ln

[

1 +
Pk.Gk.dk

α(β−1)

∑L
z=1
z ̸=k

Pz.Gz.dz
α(β−1) + σ2

n

]

− λ.Pmax + µ.Tc +
B2

ln 2
ln

[

ln 2

B2
(

Tc

Gy.dy
α(β−1)

)]

(24)

Let us assume,

ω =
B2

ln 2
ln

[

ln 2

B2

(

Tc

Gydy
α(β−1)

)]

−
B2

ln 2
ln

[

1 +
PkGkdk

α(β−1)

∑L
z=1
z ̸=k

PzGzdz
α(β−1) + σ2

n

]

=
B2

ln 2
ln

(

δ + λ− µ

(

Gydy
α(β−1)

γth

))

−
Tc

Gydy
α(β−1)

(

δ + λ− µ

(

Gydy
α(β−1)

γth

))

−max +µTc + ω

(25)

As a result, the dual optimization problem is
expressed as follows,

minf(λ, µ) (26)

subject to constraint,
a3: λ, µ ≥ 0.
Taking the gradient of f with respect to λ, µ and
equating it to zero, yields the solution for λ, µ.

▽f(λ, µ) |λ =
B2

ln 2

1

(δ + λ− µ(
Gyd

α(β−1)
y

γth
))

−
Tc

Gyd
α(β−1)
y

− Pmax

(27)

▽f(λ, µ) |µ =
B2

ln 2

1

(δ + λ− µ(
Gyd

α(β−1)
y

γth
))

× (
Gyd

α(β−1)
y

γth
)−

Tc

γth
+ Tc

(28)

Updating the dual variable in the gradient direc-
tion yields,

λcurrent = λprevious + ψ1.∇f(λ, µ)

µcurrent = µprevious + ψ2.∇f(λ, µ)

where ψ1 and ψ2 are the minimum gradients used
to compute the Lagrange factors.
KKT conditions are used to identify the optimum
solution with zero duality. We assume that the
solution to the primal and dual optimization prob-
lem is Py

∗, λ∗ and µ∗ respectively.
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The required KKT conditions are furnished as
follows,

L(P ∗
y , µ

∗, λ∗) = δ −
B2

ln 2

Gy.dy
α(β−1)

(

Tc + P ∗
y .Gy.dy

α(β−1)

)

+ µ∗

(

Tc −
Gy.dy

α(β−1)

γth

)

+ λ∗

(31)

λ∗

[(

P ∗
y − Pmax

)

= 0

]

(32)

µ∗

[(

Tc −
P ∗
yGy.dy

α(β−1)

γth

)

= 0

]

(33)

(

P ∗
y − Pmax

)

≤ 0 (34)

(

Tc −
P ∗
yGy.dy

α(β−1)

γth

)

≤ 0 (35)

λ∗ ≥ 0 (36)

µ∗ ≥ 0 (37)

Using the given KKT criteria, the best power
solution obtained is given below,

P ∗
y =

B2

ln 2

[

δ + λ∗ − µ∗

(

Gy.dy
α(β−1)

γth

)]

−
Tc

Gy.dy
α(β−1)

(38)

The optimal power P ∗
y for a given value of δ

may be found by calculating the optimal λ∗, µ∗,
and then replacing it in equation (38). The above
expression (38) gives us the value for the optimized
D2D transmit power in outer mode. The algorithm
for allocation of resources to the available D2Ds is
shown in Algorithm 1.

3.3 Coverage Probability of D2D

Users

This section covers the probability of coverage for
inner mode and outer mode D2Ds. It is noted

Algorithm 1 Allocation of resources to D2D
pairs in different modes

1: Input : The set of D2D pairs and CU pairs are
indexed by DL and CN .

2: Output: Interference minimization and trans-
mit power optimization.

3: Initializing the number of D2D and CU pairs.
4: for N > L do

5: for n = 1 : N do

6: for l = 1 : (L− 1) do
7: Calculate γdi

, γdo
, γc from (7-9)

8: if γdi
≥ γth

9: r < r′ then

10: Allocation to inner mode
11: else

12: Allocation to outer mode
13: a1, a2 & a3 are satisfied
14: Update β, δ, λ & µ.
15: Update P ∗

y from equation (38).
16: end if

17: Increment of n and δ.
18: Repeat
19: end for

20: end for

21: end for

that for interference limited environment, thermal
noise power is zero i.e. (σ2

n = 0).

γdi

=
Py.Gy.dy

α(β−1)

∑M

x=1 Px.Gx.dx
α(β−1) +

∑L
z=1
z ̸=y

Pz.Gz.dz
α(β−1)

(39)

γdo
=

Pk.Gk.dk
α(β−1)

∑L
z=1
z ̸=k

Pz.Gz.dz
α(β−1)

(40)

The coverage probability may be stated as the
complementary cumulative distribution function
(CCDF) of the SINR, which may be represented
as a probability distribution function as shown
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below,

P d
cov = P[γdi

≥ γth]

= 1− P[γdi
≤ γth]

= 1− P

[

Py.Gy.dy
α(β−1)

∑M

x=1 Px.Gx.dx
α(β−1)

+
∑L

z=1
z ̸=y

Pz.Gz.dz
α(β−1)

≤ γth

]

= 1− P

[

Py.Gy.dy
α(β−1)

≤ γth

(
M∑

x=1

Px.Gx.dx
α(β−1)

+

L∑

z=1
z ̸=y

Pz.Gz.dz
α(β−1)

)]

= 1− P

[

Gy ≤ γth

× Py
−1dy

α(1−β).

(
M∑

x=1

Px.Gx.dx
α(β−1)

+

L∑

z=1
z ̸=y

Pz.Gz.dz
α(β−1)

)]

= 1− E

[

exp

(

−γth(Py)
−1
dy

α(1−β)

×

(
M∑

x=1

Px.Gx.dx
α(β−1)

+

L∑

z=1
z ̸=y

Pz.Gz.dz
α(β−1)

))]

= 1− E(Py)
−1dy

α(1−β)

[

LIc(s)× LIdi
(s)

]

(41)

where E and s denotes the expectation operator
and the Laplace domain variable.
Similarly, the coverage probability of D2D in the

outer mode may be expressed as,

P[γdo
≥ γth] = 1− E

[

exp

(

−γth

× (Pk)
−1
dy

α(1−β)
L∑

z=1
z ̸=y

Pz.Gz.dz
α(β−1)

)]

= 1− E(Pk)
−1dy

α(1−β)

[

LIdo
(s)

]

(42)

Here, Ic =
∑M

x=1 Px.Gx.dx
α(β−1) and Idi

=
(

∑L
z=1
z ̸=y

Pz.Gz.dz
α(β−1)

)

which signifies the inter-

ference of CU and inner mode D2Ds, respectively.
However, from the definition it is clear that the
Laplace transform of the interference is the expo-
nential expectation of all of the interferences (I)
i.e.,

LI(s) = EI [e
−sI ] (43)

Applying Laplace transform to the interference at
D2Ds in inner mode, we get,

LIdi
(s)

= E

[

exp

(

−s

(
L∑

z=1
z ̸=y

Pz.Gz.dz
α(β−1)

))]

= E

[
∏

z∈φ

1

1 + sPzdz
−α(1−β)

]

= exp

(

− ρdi

∫ ∞

0

(

2πq

(

1−
1

1 + sPzq−α(1−β)

))

dq

)

= exp

(

− π(sPz)
τ
ρdi

∫ ∞

0

(

1

1 + sPzq−τ

)

dq

)

= exp

(

− π(sPz)
τ
ρdi
πτ.cosec(πτ)

)

(44)
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where τ = 2
α(1−β)

Similarly, applying the Laplace transform to inter-
ference at CUs, we get,

LIc(s)

= E

[

exp

(

−s

(
M∑

x=1

PxGxdx
α(β−1)

))]

= E

[
∏

x∈φ

1

1 + sPxdx
−α(1−β)

]

= exp

(

− π(sPx)
τ
ρcπτcosec(πτ)

)

(45)

Again, the interference of the D2Ds in the outer
mode may be transformed using the Laplace trans-
form,

LIdo
(s)

= E

[

exp

(

−s

(
L∑

z=1
z ̸=k

PzGzdz
α(β−1)

))]

= exp

(

− π(sPk)
τ
ρdo

πτcosec(πτ)

)

(46)

On substituting these values from equations (44)
and (46) in equation (41), we get,

P d
cov = 1− exp

(

− π(sPz)
τ
ρdi
πτcosec(πτ)

)

× exp

(

− π(sPx)
τ
ρcπτcosec(πτ)

)

(47)

where ρc, ρdi
and ρdo

are the densities of CUs,
D2Ds in inner mode, and D2Ds in outer mode,
respectively.

4 Simulation results

In the proposed system, we consider a single cell
scenario in which BS is located at focal point,
while CUs and D2Ds follows PPP distribution
within the cell. The different parameters consid-
ered for the simulations are as follows: the radius
of cell is 500 m, the bandwidth used in the simu-
lation is 1 GHz. In our work, we have limited the

Table 2 Simulation parameters

Sl. Parameters Values
1 Cell radius 500 m
2 Bandwidth 1 GHz
3 Operating frequency 2 GHz, 28 GHz
4 Thermal noise density −174 dBm/ Hz
5 D2D SINR threshold 0 dBm
6 Cellular SINR thresh-

old
0 dBm

7 Maximum D2D trans-
mit power

15 dBm

8 Maximum Cellular
transmit power

30 dBm

Fig. 2 Distance between D2D users vs data rate for vary-
ing pathloss exponents.

number of CUs to 100. It is assumed that the dis-
tance between D2Ds is approximately 30 metres.
Here, we have considered two operating frequen-
cies namely, 2 GHz for D2Ds communicating in
inner mode and 28 GHz for D2Ds communicat-
ing in outer mode. Focusing mainly on 3GPP (3rd

Generation Partnership Project) constraints, the
path loss model for signal propagation is derived
from equations 1 and 2 [27]. The path loss expo-
nent (α) is considered to be in the range of 2 to 3.

In Figure 2, as the path loss exponent value
decreases from 2.5 to 2 at a distance of 5 m
between the D2Ds, the data rate of the D2Ds
also drop from 540 Kbps to 440 Kbps due to the
adequate amount of interference present in the
channel. At a distance of 10 m, the data rate of
D2Ds is found to increase from 120 Kbps to 130
Kbps. Equations (8) and (11) give the relation
between data rate of D2Ds and distance between
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Fig. 3 SINR of D2D users vs D2D power for varying
distance between D2D users and pathloss exponents.

D2Ds. Thus, it is evident from the above equations
that with a slight decrease in pathloss exponent
from 2.5 to 2, there is an increase in data rate for
varying distance between D2Ds from 10 to 20 m.
Figure 3 plots the D2D transmit power versus cor-
responding SINR for varying pathloss exponents
and distance between D2Ds. With an increase in
distance, SINR decreases therefore, throughput
also decreases at a certain power. From equation
(23), it can be noticed that with an increase in dis-
tance, SINR decreases substantially which results
in the decrease of the data rate. For a given
pathloss exponent of 2.5, the SINR for 30 mW
D2D power declines from roughly 0.033 dB to
around 0.032 dB as the distance increases from
10 to 15 m. As a result, it can be inferred from
equation (38) that as the distance increases from
10 to 15 m, there is a drop in transmit power, but
there is a minor change in SINR, i.e. about 0.001
dB, indicating that power is optimized efficiently.
The plot gives an idea of the impact of the path
loss exponent over D2D power in mW and its cor-
responding SINR values in decibel (dB).
The coverage probability is considered to be

a prominent parameter for the system design.
Figure 4 shows the graph for the D2D transmit
power with respect to the coverage probability of
D2D users. From equation (47), it can be inferred
that for a small decrease in pathloss exponent
there is also a decrease in D2D transmit power,
resulting in a significant improvement in the cov-
erage probability. Thus, the numerical results

Fig. 4 Coverage probability of D2D users vs D2D power
for varying pathloss exponents.

Fig. 5 Signal-to-Interference Ratio (SIR) vs coverage
probability of D2D users for varying pathloss exponents.

indicate that for 15mW D2D transmit power at
α = 2.5, the coverage probability is about 0.71,
whereas for the same D2D transmit power at
α = 2, the coverage probability improves to 0.77.
As a result, decrease in pathloss exponent pro-
vides a higher probability of coverage. As a result,
it can be noticed that the coverage probability
varies dramatically for different pathloss exponent
values. Thus, given a certain pathloss exponent,
increasing the D2D transmit power from 10 mW
to 30 mW results in a considerable improvement in
coverage probability from 0.70 to 0.71. This indi-
cates that increasing D2D transmit power has an
affect on the QoS constraints. This motivates us
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Fig. 6 Density vs coverage probability of D2D users for
varying pathloss exponents.

for finding the optimal D2D transmit power while
satisfying the QoS constraints.
Figure 5 portrays the variation in Signal-to-
Interference Ratio (SIR) of D2D users versus cov-
erage probability for varying pathloss exponents.
From equations (40) and (41), it can be inferred
that with decrease in pathloss exponent, transmit
power substantially increases which results in the
increase of the coverage probability for a fixed SIR
of D2Ds. Thus, we acquire a coverage probability
of roughly 0.66 for α = 2.5, and a coverage proba-
bility of 0.73 for α = 2 with a fixed SIR of 0.02 dB
for D2Ds. As a result, in an interference-limited
environment, there is a little variation in the SIR
of D2Ds ranging from 0.015 dB to 0.03 dB, but a
large difference in the coverage probability rang-
ing from 0.71 to 0.76.
In Figure 6, a graph is plotted between the den-
sity and the coverage probability of D2Ds. It is
evident from the graph that the density of D2Ds
varies from 10−6 to 10−3 per cubic meter. From
equations (3) and (8), it can be inferred that when
the density of D2Ds increases, the throughput
of D2Ds decreases, and as a result, the coverage
probability of the D2Ds reduces. Thus, with the
increase in the density of the D2Ds, coverage prob-
ability of D2Ds also increases eventually. Because
the pathloss exponent is so important, it is critical
to determine the equivalent coverage probability
for varied path loss models. At a density of 10−6,
the coverage probability of D2Ds declines from
0.67 to 0.54 as pathloss exponent increases from 2
to 2.5.

Fig. 7 Comparison of data rate for different schemes with
varying pathloss exponents.

Finally, in Figure 7, the proposed scheme is com-
pared with the stochastic scheme [28] and rate
splitting scheme [29]. The transmit power of the
D2D users are varied from 1 to 15 mW with
varying pathloss exponents of 2 and 2.5. The
stochastic scheme yields a data rate of around 450
Kbps at a pathloss exponent of 2.5. But there is
an exponential decrease in the data rate which
makes it unsuitable. While in the rate splitting
scheme, the data rate is low but it is consistent for
varying D2D transmit power. Whereas, in the pro-
posed work, the data rate of the D2Ds for varying
D2D transmit power and pathloss exponent gives
better result when compared with the state-of-the-
art schemes namely, stochastic and rate splitting.
The weight attached to the D2D transmit power
optimizes the power enhancing the overall D2D
throughput. Thus, as evident from the figure, it
can be inferred that the data rate achieved from
the proposed scheme attains higher data rate of
around 330 Kbps at a pathloss exponent of 2.5 in
comparison to the state-of-the-art schemes.

4.1 Computational complexity

The computational complexity of the Algorithm 1
can be approximated by the three for loops from
line 4 to line 21, line 5 to line 20 and line 6 to line
19, respectively. Also, the conditional statement
if − else is used in line 8 to line 16. Since, the
cardinality of D2D and cellular users are L and
N respectively, the computational complexity for
the three for loops in worst case is O(N × (L −
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1)). Again, the time complexity of the If − else

statement can be given by O(1). Thus, the com-
putational complexity of the proposed scheme can
be approximated by O(N ×L)+O(n× l×f | J |).
Here, f | J | represents the computational com-
plexity of the formulated problem as shown in
equation (40). As we have considered a finite num-
ber of D2D pairs, it implies that the complexity of
the second term is negligible and can be ignored.
Thus, the computational complexity of Algorithm
1 is given by O(N × (L− 1)).

5 Conclusion and future scope

The paper analyzes the performance of D2D com-
munication using dynamic mode selection in a
mm-Wave network employing an uplink channel.
D2D communication in mm-Wave networks has its
own set of challenges to overcome. The mm-Wave
frequency introduces a significant amount of inter-
ference, resulting in signal attenuation due to path
loss. The proposed scheme describes two modes,
inner mode and outer mode for the utilization of
spectrum resources for D2D communication. The
derived radius of coverage specifies the limit for
switching of modes. If the radius of coverage is
less than a certain value r, then the D2D user will
operate in inner mode at a frequency of 2 GHz else
it will operate in outer mode at a frequency of 28
GHz. The outer mode switching occurs when there
is a substantial proportion of D2D users in close
proximity with escalating path loss exponents. As
a result, the suggested power optimization for
each D2D user is conducted on the pre-assigned
channels using the Lagrange dual optimization
method in order to increase the data rate of D2D
while minimizing their transmit power. As the
number of users proliferates every day, the prob-
ability of coverage is enhanced while satisfying
the QoS constraints. Furthermore, when the SINR
of the D2Ds increase, the coverage probability of
D2Ds also increases. The coverage probability of
the proposed method assures higher performance,
which undoubtedly allows D2D communication
in a 5G mm-Wave network. Simulation results
prove the effectiveness of the proposed methodol-
ogy. Also, the proposed approach is compared with
the existing techniques which further validates the
efficiency. The future scope includes a scenario in
which the BS has incomplete knowledge of the
CSI for all network links. Because, in real-world

circumstances, service providers may not be will-
ing to share all CSI data for obvious monetary
reasons. In future study, machine learning tech-
niques can be applied to maximize throughput,
SINR and coverage probability. The use of rein-
forcement learning and deep learning techniques
may prove beneficial in obtaining better outcomes.
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