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Abstract—In this paper, we consider coordinated multipoint
transmission (CoMP) by using distributed data base stations
(DBSs) in a User-centric Cloud-based Radio Access Network
(UCRAN). The creation of non-overlapping virtual cells (or ser-
vice zones) centered around a user, contrary to traditional cellular
architecture, shifts the mode of operation from base station cen-
tric “always ON” cells to user-centric “on-demand cells.” In
contrast to existing literature, we show that CoMP is only bene-
ficial in network architectures where cell-edge users are present.
In a UCRAN architecture, where the cell-edge users are vir-
tually removed due to non-overlapping user-centric cells, the
performance gain provided by enabling CoMP is insignificant. We
analyze this by performing a comparative performance analysis
of UCRAN with different joint transmission schemes of CoMP.
We also provide analytical expressions for network-wide cover-
age probability, area spectral efficiency, and energy efficiency by
taking advantage of the stochastic geometry tools. Additionally,
we investigate the impact of new degrees of freedom such as
the size of the service zones and density of data base station on
the spectral and energy efficiencies of CoMP-enabled UCRAN.
Extensive Monte Carlo simulations validate the proposed analyt-
ical framework as well as provide useful insights into the design
of next-generation cellular architectures.

Index Terms—CoMP, cloud radio access networks, user-centric
networks, area spectral efficiency, energy efficiency.

I. INTRODUCTION

THE LARGE-SCALE permeation of mobile and Internet
of Things (IoT) devices in every field of life have brought

many challenges to the existing wireless network technologies.
Unprecedented coverage and system capacity requirements
demand a speedy resolution to challenges faced by the current
wireless network technologies. The most viable solution is to
enable heterogeneous networks (HetNets) technology instead
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of a homogeneous network to provide network densifica-
tion [1]. HetNets, while capable of providing network densifi-
cation, also aggravate the inter-cell interference in the network.
Moreover, HetNets also increase the network operator’s cost
of operations owing to small cell’s dense deployment [2], [3].

UCRAN has emerged as a promising technology to cope
with the challenges introduced by HetNets. UCRAN enables
the formation of virtual cells around scheduled users and con-
sequentially removes the impact of dominant interferers, thus,
alleviating the problem of inter-cell interference to a good
extent. Architecturally, UCRAN dissociates the baseband pro-
cessing unit from the radio access network allowing the dense
deployment of data base stations (DBSs) without incurring
high capital and operational cost because of the low-cost hard-
ware requirements of radio access units. Furthermore, DBSs
dense deployment reduces the average distance of user and
serving base station which relaxes the transmission power
requirement of both User Equipment’s (UE) and DBSs [4].

From the architectural point of view, UCRAN enables
dynamic coverage and offers a higher quality of experience
(QoE) at the UE through spatial diversity [5]. For this rea-
son, UCRAN is considered as an ideal architecture to support
coordinated multi-point (CoMP) technology [6]. Using coop-
erative communications, CoMP solutions enhance the key
performance indicators (KPIs) such as coverage probability,
signal-to-interference ratio (SIR), and area spectral efficiency
of a wireless network, however, at the expense of reduced
energy efficiency [6].

While the primary motive behind CoMP is to improve
the performance of cell-edge UEs [7], UCRAN can poten-
tially remove cell-edge users by shifting the design of cellular
network from base station centric to user centric [7]–[9]. Due
to these contrasting properties, we hypothesize that CoMP may
only be beneficial in network architectures where cell-edge
UEs are present in the network. In the architecture envisaged
for a UCRAN (details discussed in Section I-B), cell-edge UEs
do not exist because of non-overlapping service zones created
around scheduled UEs such that each UE is offered service
only by the base station(s) in its respective service zone using
spatial diversity techniques. Thus, the very purpose of CoMP
to alleviate the cell-edge UEs is defeated which may result in
the performance degradation of KPIs if CoMP is enabled in
such a UCRAN architecture.

In this paper, we first extend the user-centric architecture
proposed in our previous work [10] to a CoMP-based sce-
nario. Then, using stochastic geometry concepts, we provide
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analytical expressions of coverage probability, area spectral
efficiency, and energy efficiency in a CoMP-enabled UCRAN
architecture. We discuss theoretical and simulation results on
joint maximization of area spectral efficiency, and energy
efficiency with the new degrees of freedom offered by the
UCRAN architecture, such as the size of the virtual cluster
(which we refer to as service-zone or S-zone). We further dis-
cuss network scenarios where CoMP-based deployment will
benefit the overall network KPIs. Specifically, this paper aims
to provide useful insights on the design and planning of future
UCRAN networks by discussing the interplay of network
parameters with system-level efficiency parameters. The work
will pave way for employing artificial intelligence (AI) assisted
self-organizing framework to dynamically adjust the network
parameters such as S-zone size, DBS deployment density,
and DBS power control strategies to jointly optimize the area
spectral efficiency, energy efficiency, and other desired KPIs.

A. UCRAN Architectural Overview

UCRAN enables the provisioning of seamless coverage to
UEs and provides demand-based baseband processing to radio
remote heads or DBSs. The pool of baseband processing
units (BBUs) collocated with the control base station (CBS)
is responsible for turning DBSs ON/OFF given the service
requirements of a scheduled UE. DBSs connectivity to a pool
of BBUs is ensured via a fronthaul network comprising of
optical fiber. In UCRAN, most of the signal processing is car-
ried at a BBU while DBSs are used to provide coverage to a
scheduled UE with minimal signal processing overhead [11].

The density of DBS deployment in future wireless networks
is envisioned to be very high allowing UCRAN to substantially
improve energy consumption by activating selective DBSs
on-demand in S-zones contrary to always turned ON DBSs.
Further, the size of the S-zone (virtual user-centric cell) oper-
ates as a proxy ensuring sufficient minimal separation between
a scheduled UE and its nearest interfering DBSs thus elimi-
nating cell-edge interference. Irrespective of a user’s location
and mobility, these non-overlapping S-zones can provide a
seamless service experience to the UE utilizing the spatial
diversity of DBSs.

Spatial diversity is considered one of the most popular
techniques to improve communication reliability in differ-
ent wireless networks [12]. In a UCRAN architecture, it is
employed by dynamically selecting the best DBS(s) (in terms
of channel gain) within an S-zone of a pre-defined radius
around a UE. The UEs are scheduled at each transmission
time interval (TTI) by the macro-cell or BBU according to
their scheduling priorities. A predefined number of DBSs in
an S-zone are activated at each TTI while the other DBSs are
kept OFF to minimize interference. In every TTI, each sched-
uled UE is served by a maximum of M DBSs that provide
the maximum channel gain in an S-zone. Fig. 1 provides a
visual illustration of a UCRAN where the maximum number
of cooperative DBSs is set to 3. In an S-zone with less than
or equal to 3 DBSs, all the available DBSs are activated for
cooperation. In an S-zone with more than 3 DBSs, only 3

Fig. 1. CoMP-enabled UCRAN architecture with activation region of radius
Rszone for a scheduled UE.

DBSs that provide the maximum channel gain are activated
for cooperation.

B. Related Work

CoMP solutions have been investigated for over two decades
now, however, its incorporation in UCRAN based architec-
ture is still in its fancy. In [13], the authors derived analytical
expression based on two approximations for coverage prob-
ability in the downlink HetNet with user-centric architecture
and base station cooperation. The numerical results, though
highly accurate, lack a closed-form expression for the cov-
erage probability. The authors have mainly focused on the
analytical model for coverage probability and did not analyze
the impact of cooperation on different KPIs in a user-centric
network.

The authors in [14] formulated max-min rate problem
to reduce the power consumption of UCRAN by joint
optimization of beamforming weights and UE association with
the access point. The formulated problem is first divided into
two subproblems by relaxing the energy efficiency subproblem
and power consumption subproblem and then solved sepa-
rately utilizing the Lagrange duality method. Authors in [15]
considered transmission points cluster approaches in mas-
sive multiple-input-multiple-output and millimeter-wave aided
CRANs to reduce the overhead cost and ensure minimum
signal changes at both network and user ends. In [9], the
authors have derived approximate analytical expressions for
the ergodic capacity and coverage probability for millimeter-
wave user-centric dense networks.

In [16], the authors integrate CoMP and the non-orthogonal
multiple access in downlink heterogeneous CRANs. Depending
on the correlation of received signal power and dominant
interferer signal power, they categorize users as CoMP or
NoN-CoMP. The authors derive an analytical expression for
achievable throughput using the tools of stochastic geometry.
The authors in [17] provide a tractable analytical expression for
spectral and energy efficiency in a traditional HetNet using the
tools of stochastic geometry. The authors also provide analysis
on optimizing spectral and energy efficiency given the transmit
power and density of base stations.
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In contrast to those previously reported in the literature, our
study examines the average aggregate interference, the area
spectral efficiency, and energy efficiency in UCRANs with
CoMP. We derive closed-form expressions for the mentioned
KPIs and provide a close bound to numerical results. The anal-
ysis is also extended for the different schemes of the joint
transmission mode of CoMP (discussed in Section II-B). The
obtained analytical and numerical model is then used to cal-
culate the optimal S-zone size, DBS density, and other system
parameters in terms of area spectral efficiency, and energy effi-
ciency. To the best of the authors’ knowledge, this work is a
first attempt to quantify the impact of enabling CoMP in a
UCRAN with non-overlapping S-zones.

C. Contributions

The contributions of this work can be summarized as
follows.

• First, we extend the user-centric architecture proposed
in [10] to include cooperation between DBSs in an
S-zone. We characterize the activated DBS density fol-
lowed by the average interference experienced by a
scheduled UE in UCRAN using the stochastic geometry
tools. (Section IV-A).

• In contrast to previous works, we derive a closed-form
expression characterizing the lower bound on the proba-
bility of coverage for a scheduled UE in a CoMP enabled
UCRAN (Section IV-B). The lower bound is further uti-
lized to derive the area spectral efficiency in UCRAN
(Section IV-C).

• We then proceed to quantify the energy consumption
model for UCRAN to support CoMP communication and
the associated overhead for discovering DBS(s) provid-
ing the highest channel gains at each scheduled UE. The
power consumption model is used to derive the energy
efficiency of CoMP-enabled UCRAN (Section V).

• Next, we provide a comparative performance analysis of
different realizations of the joint transmission mode of
CoMP in UCRANs. The three realizations are categorized
based on the selection methods of cooperative DBSs in
an S-zone (Section VI-C).

• Finally, the derived analytical framework is used to inves-
tigate the impact of new degrees of freedom, i.e., the
S-zone size and DBS density, on the area spectral effi-
ciency, and energy efficiency of CoMP-enabled UCRAN.
The results indicate that for any number of cooperative
DBSs in an S-zone, an optimal operating point for the S-
zone size and density of DBS exists that maximizes the
area spectral efficiency and energy efficiency. However,
the S-zone size optimal for area spectral efficiency does
not need to also be optimal for energy efficiency, there-
fore, we provide an analysis on the tradeoff of these KPIs
using the new degrees of freedom (Section VI-D/E).

D. Paper Organization and Notation

Throughout this paper, the boldface small case letter (such
as x) is used to represent a vector, and ‖x‖ is used to denote the
L2 norm of vector x in Euclidean space. The symbol / denotes

the set subtraction, whereas ∈ denotes the set membership. The
notations EZ (.) and fZ (.) are used to denote the average value
and probability distribution of a random variable, respectively.
The symbol Z ∼ U (a, b) indicates a uniform distribution for
values between a and b. The symbol Z ∼ exp(μ) represents
an exponential distribution with average value μ. The symbol
1(x > y) denotes an characteristic function and b(x, r) repre-
sents a circle centered at a point x with the radius of size r .
Finally, the Poisson point process (PPP) is denoted by Π.

The rest of the paper is organized as follows. The problem
description and research challenges are discussed in Section
II. The network model is explained in Section III. The quan-
tification of area spectral efficiency and energy efficiency are
derived in Sections IV and V, respectively. System evaluation
is conducted in Section VI. Finally, the outcomes of the paper
are concluded in Section VII.

II. PROBLEM DESCRIPTION AND DESIGN ISSUES

In this Section, we first discuss the CoMP-enabled UCRAN
architecture in detail. We then identify the key challenges
in CoMP-enabled UCRAN architecture followed by the dis-
cussion of various methods through which CoMP can be
employed.

A. CoMP-Enabled UCRAN Architecture

In a UCRAN model, the S-zone of a predefined radius is
created around all scheduled UEs during each TTI. An arbi-
trary UE is scheduled depending on its service requirements
which is then served by one or more activated DBSs within
an S-zone. The set of serving DBSs around a scheduled UE
may change across TTIs depending on the spatial distribu-
tion of DBSs, user’s mobility, and wireless channel conditions.
If more than one DBS is activated, then a mechanism for
cooperation is required to simultaneously transmit data to the
scheduled user.

For LTE-advanced, 3GPP has identified three major down-
link coordination techniques based on the complexities of
implementation and required backhaul capacity [18]. These
techniques can be categorized as (1) joint transmission (JT),
(2) dynamic point selection (DPS), and (3) coordinated beam-
forming/scheduling (CB/CS). In JT, channel state information
(CSI) and user data are shared between the coordinated set
of transmission points. The mode of operations of DPS is
very similar to JT except that the data is transmitted by one
transmission point at a specific TTI. Unlike JT and DPS,
CB/CS requires only CSI to be shared between the transmis-
sion points. Even though the backhaul bandwidth requirement
of JT is the highest amongst all the aforementioned coordi-
nation techniques, the maximum gain in performance is also
offered by JT [6].

In this work, we mainly focus on the realization of JT for
enabling cooperation between the transmitting DBSs in an S-
zone. To make a comparative analysis, we consider that at
any specific TTI, the number of cooperative DBSs in an S-
zone cannot exceed M ∈ Z+, where Z+ is the set of positive
integers. An exact bound on the number of cooperative DBSs
is not considered because the number of DBSs in an S-zone
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Fig. 2. Graphical realization of CoMP for different values of M where the
different colors of DBSs correspond to DBSs of different S-zones.

depends on the density of DBSs, therefore, it is not realistic to
assume that each S-zone will have at least a certain number of
DBSs. In Fig. 2, we show the graphical realization of CoMP
enabled UCRAN for different values of M. An important point
to consider here is that in each S-zone, no more than M DBSs
coordinate to simultaneously transmit the same data to the
scheduled UE. Also, if the number of DBSs is less than M in
any S-zone then all of them will be activated by the BBU to
serve a scheduled UE (as shown in Fig. 2 for M = 4 scenario).

B. CoMP Clustering Challenges in UCRAN

CoMP is often realized with small clusters of DBSs due
to the complexity required for coordination which increases
exponentially with the increase in coordinated cells in a clus-
ter [6]. An innate question that arises is whether the benefits
of CoMP exceed the complexities involved in enabling it in a
UCRAN. Although CoMP has been widely studied in HetNets,
there has been limited work on CoMP in UCRAN. Therefore,
we discuss the challenges faced by enabling CoMP in UCRAN
which can be classified as.

Is it spectral-efficient and energy-efficient to realize CoMP?
As briefly discussed in Section I-A, gains through enabling
CoMP are achieved at the expense of energy efficiency.
However, the underlying assumption that realizing CoMP
increases the area spectral efficiency in any network may be
too much of an exaggeration. The two important points to
notice in the UCRAN architecture shown in Fig. 1 are that:
1) there are no cell-edge users because virtual cells are cre-
ated around the users and 2) increasing coordinating DBSs
in an S-zone leads to more number of activated DBSs in
the overall network increasing the number of interferers in
the network. By enabling CoMP, the dominant interferers are
virtually removed which intuitively should reduce the overall
interference experienced by a UE. However, in an architecture
such as shown in Fig. 1 where S-zones are non-overlapping
and DBSs are activated “on-demand” of a UE within a specific

user-centric cell area (S-zone), the existence of dominant inter-
ferers is unfounded. Both of these observations are directly
related to the spectral gains achieved by realizing CoMP
because: 1) the major feature of CoMP, which is to miti-
gate cell-edge user interference, is not applicable in UCRAN
architecture with non-overlapping S-zones and 2) interference
is minimum only when one DBS is activated in every S-
zone. However, ideal CoMP gains can only be achieved if
the increase in received signal powers at the scheduled UEs
through coordination is much more than the increase in the
aggregate interference in the network.

It must be noted that by enabling CoMP, the number of
coordinating DBSs increases but so does the number of inter-
ferers because more DBSs are activated in other S-zones. In
the UCRAN architecture discussed in this work, the selection
combining diversity technique is used to activate no more than
M DBSs that provide the highest channel gains to a scheduled
UE in an S-zone. Because of this reason, even if the number
of coordinating DBSs is increased, the dominant impact on
received signal power at a scheduled UE (in most cases) will
be from the DBS providing the largest channel gain. The dis-
parity in the channel gains from coordinating DBSs increases
for higher values of the path-loss exponent. Contrarily, the
increase in the number of interferers due to an increase in the
number of activated DBSs will increase the overall interference
experienced at a scheduled UE. This phenomenon increases
the interference roughly by M fold while received signal power
is not increased by the same factor leading to a decrease in SIR
due to uncoordinated interference out of the S-zone. Based on
the discussion, it is quite evident that whether CoMP transmis-
sion in UCRAN architecture will enhance spectral and energy
efficiency is not a trivial research problem.

What is the optimal S-zone size? Another key parameter
involved in the design of UCRAN is the size of the cooperative
cluster or S-zone created around a scheduled UE. Increasing
the S-zone size causes: 1) an increase in the average dis-
tance between scheduled UE and interfering DBSs; 2) an
increase in the possible set of DBSs within a cooperative
cluster yielding high macro-diversity gain; and 3) a possible
decrease in the total number of activated DBSs because the
number of activated DBSs in an S-zone is bounded by M
in the UCRAN architecture shown in Fig. 1; meaning that
if the total number of S-zones are decreased in a network,
then the total number of activated DBSs will also decrease.
Hence, larger the S-zone size, lesser the number of scheduled
UEs and consequently activated DBSs serving those scheduled
UEs. Conversely, larger S-zone sizes may lead to a decrease
in the overall DBSs power consumption and increase spec-
trum reuse such that more number of scheduled UEs can be
served simultaneously. Given these insights, we investigate the
optimal S-zone size that yields an ideal tradeoff between area
spectral efficiency, energy efficiency, or some combination of
both in a CoMP-enabled UCRAN.

Which DBSs to activate/deactivate? Another important
design parameter is to decide which DBSs should be kept
activated and which DBSs should remain deactivated assum-
ing that measurements of average received signal powers from
all DBSs are available at a scheduled UE. In [7], the authors
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have discussed two schemes by which DBSs in JT can be acti-
vated/deactivated. In scheme 1, M DBSs that provide the best
average received powers are activated while others are kept
deactivated. In scheme 2, a cooperative DBS is only consid-
ered for CoMP if the received signal power from the DBS is
above some percentage of the maximum received signal power.
For example, if the maximum received signal power from all
DBSs is Pmax , then the received signal power from the coop-
erative DBSs PCoMP should be greater than β×Pmax , where
β can be any value between 0 and 1. Another method by which
DBSs are activated/deactivated, termed as a random scheme, is
to randomly activate DBS(s) in the S-zone while deactivating
other DBSs. Therefore, DBSs activation/deactivation and its
impact on area spectral efficiency, and energy efficiency in a
CoMP enabled UCRAN architecture is an interesting research
problem that we investigate in this work.

III. NETWORK MODEL

A. Spatial and Channel Model

In this work, we consider an underlaid cloud radio access
network with an ultra-dense DBS deployment scenario. The
ultra-dense deployment of DBSs is an imaginable scenario
in future networks [19]. Both DBSs and UEs are spatially
modeled as independent stationary Poisson point processes
ΠDBS and ΠUE with densities λDBS and λUE , respec-
tively. The average number of DBSs in an S-zone is given by
λDBSπR

2
szone that is characterized by λDBS and Lebesgue

measure [20] of a disc with radius Rszone .
The communication channel between an arbitrary user x ∈

ΠUE and DBS y ∈ ΠDBS is modeled by hxy�‖x − y‖,
where hxy ∼ exp(1) is a exponential random variable with
unit mean representing the effects of Rayleigh fading and
�‖x − y‖ is the large-scale path loss model. The large-scale
path loss model is given by the frequency-dependent constant
K, distance between the UE and DBS ‖x − y‖, and path loss
exponent α > 2 such that �‖x − y‖ = ‖x − y‖−α. All DBSs
are assumed to transmit at equal power levels PDBS , and
each DBS and UE is equipped with a single antenna. We
also assume that the thermal noise is negligible, hence, the
communication is interference-limited.

B. User-Centric Clustering in UCRAN

In this work, we use the user-centering cluster mechanism
given in Algorithm 1 [10] for UCRAN. The UEs are sched-
uled at each TTI by the macro-cell or BBU according to their
scheduling priorities which are marked according to a uniform
random distribution pUE ∼ U (0, 1). The lower the mark value
of a UE, the higher the scheduling priority it possesses. For
the UEs which are not scheduled yet, their scheduling priori-
ties increase in the subsequent TTIs until they are scheduled
to be served.

A UE x is scheduled (i.e., pxsch = 1) iff its scheduling
priority is the highest in its neighborhood which is character-
ized by the cluster radius Rszone . To be succinct, this means
that within a circle of radius Rszone centered at UE, there is
no other UE with a higher scheduling priority, and the min-
imum distance between any two S-zones should be at least

Algorithm 1 User Equipment Scheduling Algorithm in
CoMP-Based UCRAN

Input: ΠUE ,ΠDBS ,Rszone

Output: Π′
UE , Π′

DBS

1: Initialize the set of UEs and the activated DBS(s) as
Π′
UE ← ∅, Π′

DBS ← ∅.
2: Assign random priorities to each UE based on pUE ∼

U (0, 1).
3: Update Π′

UE such that:
4: for x ∈ ΠUE do
5: pxsch ← 1
6: for y ∈ ΠUE do
7: if y ∈ b(x , 2Rszone ) and pUE (y) > pUE (x ) then
8: if y �= x then
9: pxsch ← 0

10: else
11: continue
12: else
13: continue
14: if pxsch == 1 then
15: Π′

UE ∪ x

16: Update Π′
DBS such that:

17: for m ∈ Π′
UE do

18: DBS ← ∅
19: for n ∈ ΠDBS do
20: if n ∈ b(m,Rszone) �= Φ then
21: DBS ∪m
22: Rank DBS in order of smallest path-loss criteria such

that path-loss (DBSi ) < path-loss (DBSj ), ∀i < j
23: if |DBS | ≤ M then
24: Π′

DBS ∪DBSi , ∀DBSi ∈ DBS
25: else
26: Π′

DBS ∪DBSi , DBSi ∈ DBS , i ≤ M

27: Scheduled users Π′
UE are served from the coordinating

DBSs Π′
DBS

2Rszone . Note that this circle (S-zone) is commensurate to
the size of the cooperative cluster. The dynamic change in
S-zone size allows the flexibility to activate DBSs in an S-
zone depending on which scheme of joint transmission is
used to service a scheduled UE. A macro-cell or BBU is
responsible for both the activation of DBSs in a coopera-
tive cluster and delegating the size of a cooperative cluster to
scheduled UEs.

The on-demand activation of DBSs makes UCRAN capable
of self-organizing its coverage according to the spatiotemporal
variation in the user demography. Though, for the UCRAN
architecture to avoid coverage holes in areas where there are
no DBSs available to provide coverage to a scheduled UE,
DBSs need to be deployed densely so that at any time there is
at least 1 DBS available to provide services to a scheduled UE.
In the case of a void cluster, which is an unlikely scenario, the
scheduled UE can be clustered together to nearby scheduled
UEs using clustering strategies discussed in [21].
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C. Signal Model and Probe Cluster

Consider a scheduled UE x ∈ Π′
UE , where Π′

UE is the
PPP representing scheduled UEs. Π′

UE unlike ΠUE is a non-
stationary Poisson point process that can be modeled as a type
II Matern hardcore process [20]. The density of scheduled UEs
can be approximated by an equidistant stationary Poisson point
process [22] given as:

λ′UE =
1− exp

(−λUE4πR
2
szone

)

4πR2
szone

. (1)

For a scheduled UE x, let Π
′C
DBS = Π′

DBS ∩ b(x ,Rszone)
be the set of DBSs that are activated by the BBU to serve
x based on a scheduling criterion [10]. Π′

DBS represents the
spatial distribution of no more than M activated DBSs in an
S-zone. Similarly, let Π

′I
DBS = Π′

DBS\Π
′C
DBS be the set of

DBSs which are simultaneously transmitting to the scheduled
UE u ∈ Pi ′UE where u �= x . Given these observations, we
model the received signal at a particular scheduled UE as:

qx =
∑

i∈Π′C
DBS

√
PDBShix �‖x − i‖sx

+
∑

u∈Π′
UE\x

∑

j∈Π′I
DBS

√
PDBShjx �‖x − j‖su , (2)

where sx is the signal transmitted to a scheduled UE x.
Capitalizing on the stationary characteristics of the scheduled
UE’s PPP, focusing on a typical UE is sufficient. As main-
tained by Silvnyak’s theorem [20], the addition of a single
point does not affect the law of stationary PPP, therefore, a
probe UE is added at the origin. Additionally, the received
signal qx can be simplified with �‖i − y‖ = ‖i − y‖−α =
‖i − o‖−α where the index o is the location of a typical UE.

IV. CHARACTERIZING THE AREA SPECTRAL EFFICIENCY

OF A UCRAN

A typical UE is served by at most M DBSs in an S-zone
centered at origin o with a ball area of b(o,Rszone) where
Rszone is the radius of the ball. The cooperative cluster is
defined as:

C = argr1,r2,...,rn⊂Π′
DBS

n∑

i=1

hi r
−α
i , (3)

where n ≤ M , ri denotes the distance between serving
DBS i and scheduled UE, hi captures the effect of Rayleigh
fading, and Π′

DBS is the resultant PPP of activated DBS
with density λ′DBS . With the joint transmission mode of
CoMP, all the DBSs in a cooperation set jointly transmit the
same message to a scheduled UE on the same time-frequency
resource [23], [24]. Therefore, the signal-to-interference ratio
at a typical UE in an interference-limited environment can be
expressed as:

SIR = ΓUE =

∑
i∈Π′C

DBS
hir

−α
i

∑
j∈Π′I

DBS
hj r

−α
j

. (4)

The noise power at a scheduled UE is at much lower lev-
els as compared to the aggregate interference which is why

the assumption of an interference-limited environment is valid
even with the induced spatial repulsion between scheduled
UEs and activated DBSs in other S-zones [13].

A. Expected Aggregate Interference and Modified Density of
Activated DBSs

According to reduced Palm measure and Slivnyak’s theo-
rem [20], the expected aggregate interference at a typical UE
can be expressed as:

EI[I ] = E

⎛

⎜
⎝

∑

j∈Π′I
DBS

hj r
−α
j

⎞

⎟
⎠. (5)

According to Campbell’s theorem [20], the expectation term
in above expression can be simplified to:

EI[I ] =

∫ ∞

Rszone

2πλ′DBSE[H ]r1−αdr , (6)

where λ′DBS is the density of activated DBSs and E[H ] is
the expected value of small-scale fading. By integrating and
substituting E[H ] = 1, we get:

EI[I ] =
2πλ′DBS

(α− 2)
(
Rα−2
szone

) . (7)

The density of activated DBSs λ′DBS can be approximated
as pACTλDBS , where λDBS is the density of original DBSs
distribution and pACT is the activation probability of DBSs
in an S-zone.

Theorem 1: The activation probability of DBSs in a CoMP-
enabled UCRAN can be expressed as follows:

pACT =
(
1− exp

(−λ′
UEπR2

szone

))

·
(
Γ(M + 1,X )

γ(M + 1)
+ exp(−X )

×
[
M (X )M+1

2F2(1,M + 1;M + 2,M + 2;X )

(M + 1)γ(M + 2)
− 1

])
,

(8)

where pFq (a1, . . . , ap ; b1, . . . , bq ; z ) is the generalized hyper-
geometric function, γ(x ) is the complete gamma function,
Γ(x , y) is the upper incomplete gamma functions and X =
λDBSπR

2
szone is the average number of DBSs in a circle.

Proof: See Appendix A.
From Eq. (7) and Eq.(8), we make the following remarks.
• Expected aggregate interference increases with the

increase in the density of activated DBSs which is a
function of M, Rszone , λ′UE and λDBS . However, for a
fixed density of scheduled UEs and DBSs, the only tun-
able parameters are M and Rszone . Both parameters will
have a direct impact on the average aggregate interference
experienced at a typical scheduled UE.

• It can be observed that by enabling CoMP, i.e., M > 1, the
average aggregate interference will increase exponentially
with the increase in M. Likewise, reducing the S-zone
size will increase the overall number of DBSs activated
for serving scheduled UEs, thereby leading to an increase
in average aggregate interference.
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B. Coverage Probability

A typical UE’s probability of coverage can be defined as
the probability of received SIR to be greater than a desired
SIR threshold value (γth ). The mathematical expression of
the coverage probability can be simplified as:

Pcov (γth ,Rszone) = Pr (ΓUE ≥ γth)

= 1− Pr (ΓUE < γth). (9)

Substituting the value of ΓUE from Eq. (4) in Eq. (9), we
obtain:

Pcov (γth ,Rszone) = 1− Pr

⎛

⎝

∑
i∈Π′C

DBS
hi r

−α
i

∑
j∈Π′I

DBS
hj r

−α
j

< γth

⎞

⎠

= 1− Pr

⎛

⎜
⎝

∑

i∈Π′C
DBS

hi r
−α
i < γth

×
∑

j∈Π′I
DBS

hj r
−α
j

⎞

⎟
⎠. (10)

Considering the aggregate interference in the above expres-
sion as a random variable, we can average the SIR distribution
over all instances of interference between non-cooperating
active DBSs that will allow us to simplify the above expres-
sion as:

Pcov (γth ,Rszone) = 1− EI[Pr (S < γth I )], (11)

where S =
∑

i∈Π′C
DBS

hi r
−α
i and I =

∑
j∈Π′I

DBS
hj r

−α
j

denote the desired signal power and aggregated interference
strength, respectively.

Theorem 2: The lower bound on the coverage probability
of the typical user in a CoMP-enabled UCRAN can be given
as follows:

Pcov (γth ,Rszone) ≥ 1

− exp

⎛

⎜
⎜
⎜
⎜
⎝
−

λDBSπ
1−δδγ

(

δ,
γth2πλ

′
DBSR

2
szone

α− 2

)

(
γth2λ

′
DBS

)δ
(Rszone)

−δ(α−2)(α− 2)−δ

⎞

⎟
⎟
⎟
⎟
⎠
,

(12)

where δ = 2
α and γ(a, b) =

∫ b
a ta−1 exp(−t)dt is the lower

incomplete Gamma function.
Proof: See Appendix B.

C. Area Spectral Efficiency

Building on the coverage probability metric obtained, we
define the area spectral efficiency (ASE) performance metric
in this Section. The average area spectral efficiency can be
defined as [25],

ASE = λ′UE log2(e)

∫ ∞

0

Pcov (γth ,Rszone)

1 + γth
dγth , (13)

where λ′UE is the modified density of the PPP representing
scheduled users. Under the assumption that all users transmit

at the same rate log2(1+ γth) and the transmission is consid-
ered successful only if the received SIR is above the desired
threshold γth , the ASE metric can be lower bounded [26] as

ASE = λ′UE log2(1 + γth)Pcov (γth ,Rszone). (14)

Given a desired threshold, the average area spectral effi-
ciency metric represents the sum of the maximum of average
bits transmitted per unit Hertz bandwidth per unit area. It
is worth noting that ASE is dependent on the density of
scheduled UEs, γth and coverage probability. The bound for
coverage probability and density of scheduled UEs will be
tight for any value of γth , however, the multiplication of term
log2(1+γth ) with coverage probability and density of sched-
uled UEs is expected to slightly loosen the bound of ASE
values for higher values of γth .

Similar to the coverage probability, ASE is also coupled
with the size of the S-zone and the density of activated DBSs.
While an increase in the cluster size reduces the density of
scheduled UEs, it also improves SIR due to a reduction in the
number of interfering DBSs. Similarly, by enabling CoMP, an
increase is expected in the received signal power at a typical
UE. However, CoMP also increases the number of interfering
DBSs. Therefore, both these parameters can be treated as the
design parameters of a UCRAN architecture for which there
exist optimal values which maximize the network-wide ASE.

V. CHARACTERIZING THE ENERGY EFFICIENCY OF A

UCRAN

In this Section, we quantify the energy efficiency (EE)
performance of the proposed CoMP-enabled UCRAN archi-
tecture. Enabling CoMP and exploiting spatial diversity gain
by activating DBS(s) with maximum channel gains will
increase the energy consumption cost. At the same time,
only activating some DBSs will improve the energy effi-
ciency compared to the mechanism in which all the DBSs are
kept ON [27], [28]. The energy efficiency can be formulated
as [29]:

EE =
log2(1 + Γcran )

Pcran
, (15)

where Pcran is the average power consumption of the whole
network and Γcran is the effective SIR [29]. In the power
consumption model, we focus on the overhead associated with
enabling CoMP and discovering the best DBS(s) for the sched-
uled user association. During the discovery process, each DBS
estimates the channel gain from the scheduled UE which will
contribute to the energy consumption of the network.

The power consumption model proposed in this work is
inspired from [30], wherein the authors proposed an accurate
model for power dissipation considering parameters such as
cooling, power amplifiers, baseband processing, and antenna
interface. A related but modified model designed specifically
for C-RAN was provided in [31] that uses parameterization
specific to C-RAN efficiency.

The average power consumption can be modeled as:

Pcran = ωcran (N , θ)PO + Psp +ΔuPu + Pou , (16)
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TABLE I
SIMULATION PARAMETERS

where PO is the power consumption of the DBS allowing it
to operate in listening mode, Pu is the transmission power of
a UE, Δu is a factor for radio frequency module of power
consumption at the UE, Pou is the circuit power consumed
at the UE, and Psp is the power consumption due to signal
processing overhead. The UCRAN coefficient is directly pro-
portional to the average number of cooperative DBSs in each
S-zone (represented by N) and a parameter θ which character-
izes the implementation efficiency. By using a simple linear
parameterization, the UCRAN coefficient can be modeled as
ωcran (N , θ) = θN where 0 ≤ θ ≤ 1. In this work, θ is set
to 1 to realize the least efficient UCRAN implementation in
terms of fixed power consumption of activated DBSs.

Further, enabling CoMP requires additional power con-
sumption for signal processing. The signal processing over-
head required for CoMP is calculated as [32],

Psp = 58
(
0.87 + 0.03N 2

)
, (17)

where N is the average number of cooperative DBSs activated
in each S-zone and is given by N = λ′DBS/λ

′
UE . The network

power consumption can now be given as:

Pcran = NPO + 58
(
0.87 + 0.03N 2

)
+ΔuPu + Pou . (18)

From the expression given in Eq. (15), it can be observed
that EE is a function of the size of the S-zone, density of acti-
vated DBSs, and the number of cooperating DBSs. However,
the optimal values of these parameters will be different for
ASE and EE leading to an important design question as to
what values should be chosen to maintain a balance between
the system’s area spectral efficiency, and energy efficiency. In
the next Section, we discuss the system evaluation considering
the above-mentioned design question.

VI. SYSTEM EVALUATION

In this Section, we evaluate the performance of the proposed
CoMP-enabled UCRAN using MATLAB simulations by set-
ting the simulation parameters as shown in Table I. The service
area under consideration is a square of 100 m × 100 m. In the
service area, UEs and DBSs are distributed through Poisson
point processes with densities λUE and λDBS , respectively.
At each TTI, UEs are scheduled according to the algorithm
initially proposed in [10] and discussed in Section III. The
size of the virtual cell (S-zone) and density of DBSs are var-
ied across different experiments to study their impact on ASE
and EE of a CoMP-enabled UCRAN. The transmission power

Fig. 3. Average activated DBS density (λ′DBS ) in the network for different
numbers of maximum cooperating DBSs (M) within an S-Zone.

value of each activated DBS is set to 1 Watt and the path-loss
exponent is set to 3. The maximum size of cooperative DBSs
is set to M and Monte-Carlo simulations are employed for 104

realizations in each experiment.

A. Validation of the Modified Density of DBSs

Fig. 3 presents the validation of the analytical model for
the modified density of DBSs expressed in Eq. (8). For differ-
ent values of M, the theoretical values are consistent with the
simulated values of DBSs modified density. As expected, the
density of activated DBSs λ′DBS increases with an increase in
M due to more number of activated DBSs in each S-zone.

Similarly, the impact of average number of DBSs within
a circular region (calculated as X = λDBSπR

2
szone ) can be

observed by varying the DBS deployment density (λDBS ) and
the radius of the S-zone (Rszone ). For X approximately equal
to 8, 6, and 5, the density of activated DBSs decreases as the
value of X is decreased. This is mainly because X is the aver-
age number of DBSs in a circle that can vary across different
S-zones depending on the random distribution of the Poisson
point process. However, if M << X then for different val-
ues of X, there will be little or no impact on the density of
activated DBSs as each S-zone will probably have at least M
DBSs.

B. Validation of Coverage Probability for JT Scheme 1

Fig. 4 compares the analytical and simulated results of
coverage probability with different values of desired SIR
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TABLE II
POWER CONSUMPTION PARAMETERS

Fig. 4. Coverage probability for different SIR requirements (γth ) and
numbers of maximum cooperating DBSs (M) within an S-Zone for joint
transmission scheme 1.

thresholds γth for both CoMP-enabled and no-CoMP scenar-
ios. It can be observed that with the increase in the value of
γth , coverage probability is decreased. Moreover, the analyti-
cal coverage probability curves provide a lower bound to the
simulated curves (as discussed in Section IV).

It is also important to note that there is a slight offset in
the analytical and simulated curves for different values of the
maximum number of cooperative DBSs in an S-zone, i.e., M.
This offset, also observed by authors in [33], can be explained
by recalling the derivation of expected aggregate interference
expression in Section IV. In the devised analytical model, the
Campbell theorem assumes an infinite number of interferes in
the network. However, in our simulations, we can only con-
sider a finite service region consequentially resulting in a finite
number of interferers. The difference in the analytical and sim-
ulated aggregate interference contributes to the offset observed
in the coverage probability curves.

Another interesting observation in Fig. 4 is the difference
in the coverage probabilities of CoMP-enabled and no-CoMP
UCRAN architectures. As discussed in Section II, the UCRAN
architecture with non-overlapping S-zones removes the possi-
bility of cell-edge UEs, therefore, the major feature of CoMP
to alleviate cell-edge interference is not applicable. Without
any cell-edge UE, the only constructive impact of CoMP is
the increase in accumulated signal powers due to coordina-
tion in an S-zone. However, by activating DBSs according to
scheme 1 of JT (spatial diversity technique), the DBS chosen
first will always be a dominant contributor towards the accu-
mulated signal power. Therefore, when CoMP is enabled, the

signal powers will only increase by a small fraction due to
the random deployment of DBSs and the path-loss model. On
the other hand, the aggregate interference will increase lin-
early resulting in the degradation of coverage probability at a
typical UE.

C. Comparison of JT Schemes Coverage Probability

In Section II, we discussed different schemes of joint
transmission mode based on which DBSs are activated. In
Fig. 5, we compare the performance of different schemes in
terms of coverage probabilities. By employing scheme 2 of
joint transmission, we only choose DBSs for cooperation if
PCoMP > 0.9Pmax , where PCoMP is the received signal
power of cooperative DBS and Pmax is the maximum of all
received signal powers in an S-zone.

As discussed in the previous subsection that the dominant
contributor in signal power is always the DBS that provides
the maximum channel gain, therefore, occasionally, the signal
power of the second maximum or third maximum DBS satis-
fies the criterion of scheme 2. For this reason, in Fig. 5 (b),
it can be observed that the coverage probabilities for CoMP
or no-CoMP are approximately the same. Enabling CoMP in
UCRAN architecture using schemes 1 and 2 does not improve
the coverage probabilities at an arbitrary UE. Hence, it but-
tresses our claim that enabling CoMP in UCRAN with the
proposed architecture degrades the performance in terms of
coverage probability, ASE, and EE (as further shown in Figs. 6
and 7). However, employing a random scheme of DBS selec-
tion where no more than M DBSs are randomly selected in
each S-zone will show the improvement in terms of cover-
age probability in a CoMP-enabled UCRAN (as shown in
Fig. 5 (c)). Nevertheless, the random selection of base sta-
tions is not a realistic scenario since in most cellular networks
the base station offering the strongest channel link between
UE and base station is selected for communication. Though
for the test of concept, we show the results for the random
scheme of JT in Fig. 5 (c).

JT with a random selection of DBSs is one such instance
where employing CoMP in a UCRAN architecture with non-
overlapping S-zones will not degrade the performance in terms
of coverage probability. However, notice that the coverage
probability for M = 1 in a random scheme is much less than
the coverage probability for M = 1 in scheme 1 and scheme 2
because spatial diversity is not utilized in the random scheme.

From the results shown in Fig. 5, we can establish that
the joint transmission technique of CoMP will not bene-
fit the user-centric network, however with the requirement
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Fig. 5. Performance comparison of coverage probabilities for scheme 1, scheme 2 and scheme 3 of joint transmission mode.

that: 1) the user-centric virtual clusters (S-zones) are non-
overlapping; 2) DBSs are activated using selection combining
in an S-zone; and 3) the communication path between sched-
uled UE and activated DBSs are not blocked by blockages.
If any of the three conditions are not met, then the one-to-
one link between the transmission technique of CoMP and its
benefits in a user-centric scenario cannot be established.

D. Optimal S-Zone Radius and DBS Density for ASE

In Fig. 6 (a), the area spectral efficiency is plotted for differ-
ent values of S-zone radius and M. We anticipate the existence
of an optimal S-zone size at which the network-wide ASE
is maximum. Further, the optimal S-zone radius to maximize
ASE is expected to be smaller in magnitude as compared to
S-zone size which maximizes EE. With the increase in the
S-zone radius, the density of scheduled UEs reduces, thereby
affecting the network ASE. Similarly, a decrease in the S-
zone radius increases the density of scheduled UEs at the risk
of spatially closer S-zones that increases interference levels.

Therefore, as mentioned previously, the optimal S-zone radius
should be a small value but not too negligible.

In Fig. 6 (a), we note that the optimal S-zone radius is
1.5 m which is slightly larger than the minimum considered
S-zone radius of 1 m, hence, supporting our hypothesis. We
also observe that the performance in terms of ASE is consistent
across different M. This is mainly because ASE is depen-
dent on the density of scheduled UEs, desired SIR threshold,
and coverage probability. The desired SIR threshold does not
change and the change in coverage probability is almost negli-
gible when CoMP is employed. Therefore, the optimal S-zone
size is not overly sensitive to the value of M unless the cov-
erage probability change is significant between CoMP and
no-CoMP scenarios.

In addition to S-zone radius, the density of DBSs that can
maximize ASE is also an important design parameter from
the perspective of a network operator. In Fig. 6 (b), the area
spectral efficiency is plotted for different values of DBS den-
sity and M. From the figure, we can see that ASE increases
monotonically with an increase in DBS deployment density
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Fig. 6. Area spectral efficiency of the CoMP-enabled UCRAN with varying S-zone radius, DBS density and M for γth = 4 dB.

for a fixed S-zone size. This is mainly because with larger
DBS density, (i) the chances of coverage holes where no
DBSs are available to provide service to a scheduled UE
decrease, and (ii) there exist more options to activate the
DBS(s) with strongest channel gains to further exploit spa-
tial diversity. Also, for lower DBS density, employing CoMP
significantly reduces the ASE, whereas, for higher DBS den-
sity, the performance in terms of ASE is consistent across
different M.

Finally, the network ASE is plotted for different values of
S-zone size and DBS density. For an optimal S-zone radius,
ASE improves with the increase in the density of DBSs.
Contrarily, given a fixed DBS density, ASE after an initial
jump at Rszone = 1.5 m is decreased with the increase in
S-zone radius. From these observations along with the obser-
vations reported in Fig. 6 (a) and (b), we can conclude that the
radius of S-zone, DBS density, and the maximum number of
cooperative DBSs greatly impact ASE. To maximize ASE, all
of these inter-linked parameters should be jointly optimized
through a self-organizing framework in future work.

E. Optimal S-Zone Radius for EE

In Fig. 7, the energy efficiency is plotted for different values
of S-zone radius and M. The power consumption parameters
are summarized in Table II. Similar to ASE, the existence of
an optimal S-zone size for which the EE will be maximum is
obvious. However, the S-zone radius that will maximize EE
is expected to be different than the S-zone radius that would
maximize ASE. Intuitively, the S-zone radius that maximizes
EE should be larger because by increasing the S-zone radius,
the density of activated DBSs reduces resulting in lesser power
consumption. From Fig. 7, we observe a similar trend where
the EE is maximum for the largest S-zone radius. Also, for
a fixed S-zone radius, enabling CoMP increases the power
consumption of the network due to increased signal processing
and additional power consumption overhead resulting in the
degradation in EE of the system. Thus, we can easily conclude
that EE degrades by enabling CoMP in UCRAN architecture
with non-overlapping S-zones.

These results further second the need for an AI-assisted self-
organizing framework that can capture the tradeoff of ASE and

Authorized licensed use limited to: University of Oklahoma Libraries. Downloaded on April 29,2022 at 22:04:24 UTC from IEEE Xplore.  Restrictions apply. 



2010 IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 5, NO. 4, DECEMBER 2021

Fig. 7. Energy efficiency of the CoMP-enabled UCRAN with varying S-zone
radius and M for γth = 4 dB.

Fig. 8. UE servicing ratio comparison of proposed UCRAN approach.

EE to jointly maximize both KPIs given the new degrees of
freedom such as S-zone radius and density of DBSs. Also,
the results support the hypothesis presented in Section I that
employing CoMP will not only affect the system’s energy
efficiency but will also negatively impact the area spectral
efficiency as well as coverage probability in UCRAN.

F. Performance Comparison for Mean Serviced UEs’ Ratio

Fig. 8 shows the comparison of the average number of UEs
that are serviced out of the total scheduled UEs for varying
values of S-zone radius, SIR desired threshold, and M. A UE is
offered service iff: 1) there is at least 1 DBS present in the S-
zone and 2) the average received SIR at the UE is greater than
the desired SIR threshold. From the result shown in Fig. 8, a
similar trend can be observed in the mean serviced UEs’ ratio
as observed in the coverage probability (scheme 1) with the
enabling of CoMP. The decrease in the mean serviced UEs’
ratio for M > 1 can be attributed to the increased interference
in the network that affects the SIR received at a typical UE. We
also observe that with an increase in SIR requirement threshold
values (γth ), the mean serviced UEs’ ratio also decreases.

Fig. 9. ASE comparison of proposed UCRAN approach and traditional
HetNet for different values SIR requirements.

Additionally, the impact of Rszone on the mean scheduling
UEs’ ratio is demonstrated in Fig. 8. Intuitively, for a larger
S-zone radius: 1) the inter-cell separation increases effectively
reducing the interference at a typical UE and 2) the average
number of DBSs available in an S-zone is increased effectively
increasing the probability that there will be at least 1 DBS
within the S-zone. For both of the above reasons, we observe
a trend shown in Fig. 8 in which the mean service UEs’ ratio
increases when Rszone is increased from 3 to 6.

G. Performance Comparison With Traditional HetNet

Fig. 9 shows performance improvement in area spectral effi-
ciency for the proposed CoMP-enabled UCRAN architecture
(with S-zone radius = 2 m) in comparison to a traditional het-
erogeneous network architecture discussed in [34]. From the
figure, we can observe that there is a massive increase (of the
order of x100 and more) in the ASE of the proposed UCRAN
approach as compared to the traditional HetNet. This is mainly
because the traditional HetNet architecture can experience
extreme inter-cell interference in a dense network due to its
cell-centric architecture. To overcome inter-cell interference,
the proposed UCRAN architecture not only provides a certain
minimum separation between scheduled UEs but also pro-
vides dynamic coverage to each UE effectively resulting in
higher ASE.

Another interesting observation from Fig. 9 is the exis-
tence of an optimal SIR threshold γth for which the ASE
is maximized in CoMP-enabled UCRAN. The reason is
more mathematical rather than conceptual and can be better
explained by referring to the expression given in Eq. (14). For
the same Rszone and user density, the density of scheduled
UEs remains constant. The ASE thus changes with fluctua-
tions in the SIR threshold or coverage probability. Now as the
SIR threshold increases, two interactions are happening simul-
taneously which affect the ASE. First, with the increase in the
SIR threshold, the term log2(1+ γth) also increases resulting
in increased ASE. Second, an increase in the SIR threshold,
as observed in Fig. 4, reduces the coverage probability. Due to
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Fig. 10. Performance comparison of CoMP-enabled UCRAN with dynamic blockages with varying DBS densities and M for γth = 4 dB, Rszone = 6m,
αnear = 3 and αfar = 6.

these contrasting effects, we observe a high jump in ASE val-
ues which then plummets as coverage probability approaches
zero. The strong interplay of γth and coverage probability on
ASE of the system will be further explored in future work.

H. CoMP-Enabled UCRAN With Dynamic Blockages

After reviewing the simulation analysis hitherto, a reader
may question the applicability of CoMP in user-centric
networks where cell-edge users are diminished. Till now, we
have shown that enabling CoMP for UEs that maintain a cer-
tain minimum repulsion with other UEs degrades the network
performance in terms of important KPIs such as coverage
probability, area spectral efficiency, and energy efficiency.
However, there are many possible scenarios in which CoMP
may be able to provide better reliability effectively enhancing
the system’s area spectral efficiency.

In this Section, we briefly discuss one such scenario where
DBSs operate on high-frequency bands that are highly sensi-
tive to blockages. We assume a simplified scenario in which
the line of sight (LOS) link between DBSs and UEs is affected
by the presence of blockages. The presence of blockages
divides the network region into two parts, near-field, and far-
field regions. The near-field and far-field regions can be best
described by a dual-slope path loss model (DSPM) that have
different path-loss exponents αnear and αfar for near-field and
far-field, respectively, where αfar ≥ αnear > 2 [35]. Note that
higher values of αfar will result in sufficiently large path-loss,
effectively causing the interference caused by DBSs beyond a
critical distance (dc) to approach zero. Also, we assume that
a non-LOS link within an S-zone may not be able to provide
sufficient signal strength to the UE, thus changing the state of
the DBS-UE link to outage when affected by an obstacle. The
standard dual path-loss model is given as [36]:

DSPM (x ) =

{ ‖x‖−αnear ; with 1− pblockage(x )

d
αdiff
c ‖x‖−αfar ; with pblockage(x ),

(19)

where αdiff = αfar − αnear , dc > 0 is the critical distance
assumed to be equal to 1 meter and x is the distance (in meters)
between the DBS and UE.

The blockage/non-LOS probability proposed by 3GPP is
given as [37]:

pblockage(x) = 1− (0.5−min

(
0.5, 5 exp

(
−156

x

)

+ min
(
0.5, 5 exp

(
− x

30

)))
.

(20)

We expect that due to random blockages, the communica-
tion between serving DBSs and UEs will be highly affected.
In such a scenario, CoMP will be able to provide second-
tier protection from service degradation due to blockages. In
Fig. 10 (a), the area spectral efficiency is plotted for dif-
ferent values of DBS densities and M. We observe that the
network performance in terms of ASE improves by enabling
CoMP. For instance, as the network shifts from a non-CoMP
mode to a CoMP enabled UCRAN (i.e., from M = 1 to
M = 2), we observe approximately 8% increase in ASE. This
is mainly because if the closest UE-DBS link within an S-
zone is affected by a blockage, there is a very low probability
that the second closest UE-DBS link will also be affected by
a blockage, thus ensuring the service reliability constraints at
a typical UE. Besides, the dual-slope path loss model ensures
that most of the interference dies out beyond the S-zone region.
These two notions in parallel provide improvement in the ASE
of the system with the enabling of CoMP.

An interesting observation is the consistency of area spec-
tral efficiency values for any value of M > 1. There is an
almost unnoticeable improvement when M is increased from
beyond 2 as also noticed in [38]. This is mainly linked with
the blockage probability considered in the network. In an envi-
ronment, where it is highly probable that 2 or more serving
DBSs can be simultaneously affected by blockages, we may
be able to observe a noticeable increase in the ASE with an
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increase in M beyond 2. The change in the area spectral effi-
ciency values concerning DBS density is due to the reasons
discussed in Section VI-D. Since M = 1 reflects the sce-
nario of UCRAN with single DBS activation, the result in
Fig. 10 (a) shows that when random blocking is considered, the
CoMP-based UCRAN with multiple DBS activations within an
S-zone outperforms our earlier work [10], [29].

The performance in terms of area energy efficiency (AEE),
which is defined as the ratio of area spectral efficiency and
power consumption, is shown in Fig. 10 (b) for different val-
ues of DBS density and M. Intuitively, by enabling CoMP, the
AEE should decrease because of higher power consumption by
the activated DBSs. The results reveal that AEE decreases as
more DBSs are enabled for cooperation. However, due to the
dependence of AEE on ASE, the major drop in AEE occurs
when M is increased from 1 to 2. The decrease in AEE val-
ues when M is changed from 1 to 2 is approximately 3.5%,
whereas the increase in ASE is approximately 8%. Therefore,
there is a visible trade-off between ASE and AEE values based
on the number of cooperative DBSs that the network opera-
tors can utilize to design the network based on the service
requirements of the users.

VII. CONCLUSION

In this work, we provided an analytical and numerical
analysis on the impact of enabling CoMP in a UCRAN archi-
tecture. Contrary to the existing literature on analytical models
of CoMP in UCRAN, we derived closed-form analytical
expressions for activated data base station density, aggregate
interference, coverage probability, area spectral efficiency, and
energy efficiency. For CoMP, we presented a comparative anal-
ysis of three joint DBS transmission methods via cooperative
DBSs in a user-centered virtual cell or an S-zone. Through
our analysis which was supported by extensive Monte Carlo
simulations, we showed that employing CoMP in a UCRAN
architecture, with non-overlapping S-zones that uses spatial
diversity for DBS activation with no blockages in the wireless
communication channel, not only reduces the energy efficiency
of the network but also degrades the coverage probability at a
typical UE and consequentially the network-wide area spectral
efficiency. However, we also discussed scenarios, in particu-
lar highly blockage sensitive propagation, where the proposed
design offered an improved area spectral efficiency. The anal-
ysis presented in this work provides a baseline on the design
and planning of futuristic UCRAN based cellular networks.

We also investigated the impact of new degrees of free-
dom such as S-zone size and density of data base stations on
the mean serviced UEs, area spectral efficiency, and energy
efficiency of the network. The numerical results based on
the derived analytical model revealed an interesting interplay
between S-zone size and the density of data base stations.
It is observed that for any number of cooperative data base
stations in an S-zone, there exists an optimal size of S-zone
and DBS density that maximizes the area spectral efficiency,
and energy efficiency. However, the values of optimal S-zone
size and data base station density that maximizes area spectral
efficiency are quite different from the values that maximize

network-wide energy efficiency. Therefore, there is a need
for an AI-assisted self-organizing framework that is capable
of dynamically orchestrating these network design parameters
to offer the ideal tradeoff between these KPIs for a network
operator.

The UCRAN architecture offers flexibility to schedule a
cluster of users instead of a single user in an S-Zone. Serving
multiple users in an S-Zone is particularly important when
the UEs are more intensive than DBSs and a DBS can serve
multiple UEs. The overlapped S-zones in this scenario will
cause high-level interference to UEs in overlapped S-zone
region. The research challenge here lies in designing clustering
algorithms given the objective of scheduling more UEs in each
transmission time interval, reducing interference, and reducing
the need of switching ON/OFF DBSs in subsequent transmis-
sion time intervals resulting in improved energy efficiency.
To further mitigate dominant interference, CoMP methods
such as dynamic point selection and coordinated scheduling
will be investigated in future work along with the clustering
algorithms of UEs.

APPENDIX A

Proof of Theorem 1: The activation probability is computed
based on the criterion that no more than M DBSs are activated
in an S-zone iff: 1) there is a scheduled UE within a distance
Rszone to at least 1 DBS and 2) no other DBS in an S-zone
can provide superior channel gains to a scheduled user. Since
both the constraints are independent events, we can compute
pACT as:

pACT = Pr
(
Π′
UE ∩ b(d,Rszone) �= φ

∣
∣
∣d ∈ Π′

DBS

)

·Pr
(
max{hd1r−α

d1
, . . . , hdM r−α

dM
}, 1 ≤ m

≤ ∞
∣
∣
∣d ∈ Π′

DBS ,M < X
)
. (21)

Solving in parts for each constraint separately, such that,
pACT = p′ACT . p′′ACT , where

p′ACT = Pr
(
Π′
UE ∩ b(d,Rszone) �= φ

∣
∣
∣d ∈ Π′

DBS

)

= 1− exp
(
−λ′UEπR

2
szone

)
, (22)

and

p′′ACT = Pr
(
max

{
hd1r

−α
d1

, . . . , hdM r−α
dM

}
,

1 ≤ m ≤ ∞
∣
∣
∣d ∈ Π′

DBS ,M < X
)
, (23)

where m is the actual number of DBSs in an S-zone which
are distributed through the Poisson point process. The joint
probability given above can be divided into two parts, that is,
the probability that the actual number of DBSs in an S-zone
is less than/equal to M or greater than M. Also, we assume
that M is chosen such that M < λDBSπR

2
szone where M can

only be an integer number. Therefore,

p′′ACT = Pr
(
max

{
hd1r

−α
d1

, . . . , hdM r−α
dM

}
, 1 ≤ m ≤ M

∣
∣
∣

d ∈ Π′
DBS ,M < X

)
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+ Pr
(
max

{
hd1r

−α
d1

, . . . , hdM r−α
dM

}
,

M + 1 ≤ m ≤ ∞
∣
∣
∣d ∈ Π′

DBS ,M < X
)
.

(24)

Employing the conditional probability formula, we obtain:

p′′ACT = Pr(1 ≤ m ≤ M )

× Pr
(
max

{
hd1r

−α
d1

, . . . , hdM r−α
dM

}∣∣
∣

d ∈ Π′
DBS ,M < X , 1 ≤ m ≤ M

)

+ Pr(M + 1 ≤ m ≤ ∞)

× Pr
(
max

{
hd1r

−α
d1

, . . . , hdM r−α
dM

}∣∣
∣d ∈ Π′

DBS ,

M < X ,M + 1 ≤ m ≤ ∞
)
. (25)

If there are less than or equal to M DBSs in an S-zone then
the probability of selection will be exactly 1 and if there are
more than M DBS in an S-zone then only M out of m DBSs
with the strongest channel gains will be selected. Therefore,
the above expression can be rewritten as:

p′′ACT =

M∑

m=1

exp(−X )
(X )m

m!
(1)

+
∞∑

m=M+1

exp(−X )
(X )m

m!

(
M

m

)
. (26)

After numerical simplification of the above expressions, we
get:

p′′ACT =
Γ(M + 1,X )

γ(M + 1)
+ exp(−X )

[
M (X )M+1

2F2(1,M + 1;M + 2,M + 2;X )

(M + 1)γ(M + 2)
− 1

]

.

(27)

Therefore, the modified density of activated DBSs can be
approximated as:

p′′ACT =
(
1− exp

(
−λ′UEπR2

szone

))

·

⎛

⎜
⎜
⎝

Γ(M + 1,X )

γ(M + 1)
+ exp(−X )

×

⎡

⎢
⎢
⎣

M (X )M+1

2F2(1,M + 1;M + 2,M + 2;X )

(M + 1)γ(M + 2)
− 1

⎤

⎥
⎥
⎦

⎞

⎟
⎟
⎠.

(28)

APPENDIX B

Proof of Theorem 2: The typical user is served success-
fully by a DBS only if the received SIR is greater than
the desired threshold. Using the concepts of thinned marked
Poisson processes [20] we derive the relationship between
the void probability of modified active DBSs (Π′

DBS ) and
Pr(S < γth I ).

Pr (S < γth I ) = Pr
(
Π′
DBS = ∅) = exp(−Λ(B)), (29)

where the average measure Λ(B) can be evaluated by:

Λ(B) =

∫ ∞

0

∫

B
λ(r , h)dhdr , (30)

where B is the area of ball region and λ(r , h) is the intensity
of the modified process which is given as [20]:

λ(r , h) = 2πλDBS r1(hr
−α ≥ γth I )fH (h). (31)

Therefore,

Λ(B) =

∫ ∞

0

∫

B
2πλDBS r1

(
hr−α ≥ γth I

)
fH (h)dhdr

= 2πλDBS

∫ Rszone

0
r

∫ ∞

0
1(h ≥ γth Ir

α)fH (h)dhdr

(a)
= 2πλDBS

∫ Rszone

0
rPr (h ≥ γth Ir

α)dr

(b)
=

πλDBS δγ(δ, γth IR
α
szone)

γδth I
δ

, (32)

where (a) is due to the cumulative distribution function of an
exponentially distributed random function, and (b) is obtained
by defining the integration variable t = γth Ir

α and integrating
over t.

Substituting the value of Eq. (29) and Eq. (32) in Eq. (11),
we obtain:

Pcov (γth ,Rszone) = 1− EI

×
[

exp

(

−πλDBS δγ(δ, γth IR
α
szone)

γδth I
δ

)]

. (33)

Applying Jensen’s inequality will give the lower bound for
coverage probability as follows:

Pcov (γth ,Rszone) ≥ 1− exp

×
(

−λDBSπδγ(δ, γthEI[I ]R
α
szone)

γδthEI[I ]δ

)

. (34)

Employing the value of EI[I ] from Eq. (7) in the above
expression concludes the proof.
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