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Abstract: The 5G radio networks have introduced major changes in terms of service requirements
and bandwidth allocation compared to cellular networks to date and hence, they have made the
fundamental radio planning problem even more complex. In this work, the focus is on providing a
generic analysis for this problem with the help of a proper multi-objective optimization algorithm that
considers the main constraints of coverage, capacity and cost for high-capacity scenarios that range
from dense to ultra-dense mmWave 5G standalone small-cell network deployments. The results
produced based on the above analysis demonstrate that the denser the small-cell deployment, the
higher the area throughput, and that a sectored microcell configuration can double the throughput
for ultra-dense networks compared to dense networks. Furthermore, dense 5G networks can actually
have cell radii below 400 m and down to 120 m for the ultra-dense sectored network that also reached
spectral efficiency 9.5 bps/Hz/Km2 with no MIMO or beamforming.

Keywords: radio network planning; 5G wireless communications systems; mmWave small cells

1. Introduction

Radio planning is an essential task for wireless networks that mainly refers to calculating the
number, location and configuration of the radio network nodes. In the early days, since no prior
network infrastructure existed, this task considered only the estimation of the number of base stations
(BSs) and their locations, i.e., the BS location problem [1–4]. In addition, for early cellular networks,
radio network planning was split into two separate tasks: coverage and capacity. Nevertheless, as it
was shown in several publications (e.g., [5–7]), capacity and coverage planning are not un-correlated.
On the contrary, they are inter-related in 3G, 4G and now 5G wireless networks and hence, they must
be treated together.

The 5G networks introduce really different elements from the previous generations, mainly due to
virtualization and service-based architecture. Among other things, they are designed for considerably
higher data rates, very large numbers of connected Internet of Things (IoT) devices and low latency
while providing adaptive means for network scalability and flexibility. The number of the 5G radio
frequency bands is targeted to be higher than in previous generations of cellular networks, more
specifically multiple mmWave bands [8]. Also, massive Multiple Input Multiple Output (MIMO) and
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hybrid beamforming are core techniques to achieve the targeted high data rates and the large number
of devices [9].

Typically the cell deployment architectures can be classified into standalone and overlay
architectures. In the context of 5G, the first refers to a network deployment that consists of mere
mmWave small cells, while the latter refers to the deployment of mmWave small cells on top of the
existing macro-relay networks in the form of hierarchical or mixed cell structures. In the overlay
architecture, the existing (pre5G) macrocell layer is mainly for coverage as well as mobility and
signaling problems originating from the mmWave small-cell layer, which exists for capacity boosts.
The much wider bandwidth as well as the beamforming/MIMO capabilities, together with the reduced
access-link distances, give the mmWave small cells the capability to substantially increase the system
capacity. It has to be mentioned here that another advantage of the overlay network architecture is
the separation of control and message transmissions. All the control signaling is supported via the
existing macrocells and high data rate transmissions go through the mmWave small-cell network.

5G radio planning is now of utmost importance since not only does it require cost-optimized
deployments capable of handling a variety of demand constraints, but also since it then affects the
optimal placement of the core network elements, e.g., for achieving low latency values.

In order to tackle these issues, this article presents a generic analysis that allows for evolutionary
radio network planning towards 5G mmWave standalone small-cell architectures. Due to the complex
nature of the problem, a multi-objective optimization algorithm is appropriately modified in order to
provide solutions in the context of the multiple constraints and specifics of a 5G mmWave network
with particular emphasis in the 28 GHz band. The three main constraints of coverage, capacity and cost
are studied for a range of cases that reflect scenarios from dense to ultra-dense network deployments
in order to achieve high capacity.

The optimization algorithm used in this paper is the evolution of the algorithm previously used
for the analysis of Long-Term Evolution (LTE) systems [7]. In this study, the analysis is focused on
network dimensioning for the mmWave band at 28 GHz. Hence, the propagation module is modified
accordingly and a path loss model based on results of field trials at the 28 GHz band is applied. For this
analysis only microcells are considered with tri-sector directional antennas, as well as omnidirectional
antenna patterns. Moreover, the system module is upgraded to encompass 5G rate calculations, while
the core analysis is focused on the impact of high-density microcell deployments on the spectral
efficiency and throughput efficiency of these systems.

The remainder of the paper is organized as follows: Section 2 starts with the formulation
of the radio network planning optimization problem and then explains the developed simulation
methodology in terms of the employed propagation model, the necessary 5G system characteristics and
the planning optimization method. Section 3 presents the results for different 5G standalone small-cell
network deployments, namely dense, very dense and ultra-dense. Finally, concluding remarks are
provided in Section 4.

2. Problem Formulation and Simulation Methodology

For the study of dense networks at high frequencies, two types of serving radio network nodes
were considered in the planning process of our analysis: omnidirectional and tri-sectored microcells.
When sectorized scenarios were considered, at each site three gNBs were co-located (reuse pattern 1
× 3 × 1). During the planning process, all three sectors or only a subset of them could be activated,
according to the required signal strength in an area and/or the need to limit the overall interference
of the system. Although the algorithm was developed to also examine tri-sectored macrocells with
relay nodes, they were not considered here since the focus was to analyze the capacity capabilities of
ultra-dense standalone small-cell architectures. Note that each cell can also have MIMO capabilities.

Control Nodes (CNs) were used in our study in order to represent throughput requirements as
well as coverage constraints. Specifically, K CNs were distributed in the area under study and each CN
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was associated with a rate requirement, i.e., RCN,min. Introduced by system link budget calculations,
the received power at each CN should always exceed a minimum power threshold.

Furthermore, the optimization process was employed on discrete locations rather than on
continuous x-y space, an approach already applied and tested for previous generation network
deployments [2,5,6]. This way the complexity of the NP-hard problem of continuous space calculations
was avoided [10], but also, this was closer to the actual planning process employed by network
operators where existing sites are most certainly reused in any future network layout.

The outline of the radio network planning process is shown in Figure 1. A more detailed
description is provided in the next sections.
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2.1. Scenario: Network Deployment Requirements

Herein, our planning process was employed in a rectangular area with dimensions 1 Km × 1 Km.
Due to the area characteristics, the requirements/constraints of the planning process were defined
against a set of 25 equi-spaced CNs (separation distance of 200 m). This grouping of CNs represented
the high-capacity requirements in a small area, i.e., a demanding network planning operational scenario
that requires a dense network deployment.

Since the trade-off between performance and network density was our main concern, a clear
preexisting network layout was considered and new transmitting sites were explored, i.e., microcells
with various density deployments were examined. Scenarios with 30 (5 × 6 grid), 100 (10 × 10 grid) and
400 (20 × 20 grid) candidate microcells uniformly distributed in the area were studied in the analysis
below in order to investigate the capabilities of a dense network. However, it should be pointed out
that the locations of the candidate network sites were an external parameter to our platform, thus
could be defined by any interested stakeholder.

2.2. The Planning Method

The planning analysis consisted of three pillars:

1. Propagation analysis
2. System analysis
3. Planning optimization
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2.2.1. Propagation Analysis

Various studies have been conducted in projects like METIS, MiWEBA, ITU-R M, mmMAGIC etc.
in order to deploy channel models in higher frequency bands, such as millimeter waves, to support
5G use cases [8,11–13]. The path loss model that was adopted here was the Alpha-Beta-Gama (ABG)
empirical path loss model:

PL(dB) = 10 a log10(d) + β+ 10γlog10( fGHz) (1)

The model has three parameters to describe mean path loss over frequency and distance, which
derive from the statistical process of measurements. In our analysis, at urban environments at 28 GHz,
these parameters took the following values [13]:

a = 3.5, β = 24.4, γ = 1.9 (2)

The propagation losses of this model vs. distance for f = 28 GHz are depicted in Figure 2 along
with the losses of the WINNER model for microcells at the 2 GHz band of LTE [14].
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Table 1 summarizes typical values used in the performed simulations for generic mmWave
operational scenarios.

We considered the downlink of a 5G network since it is usually the bottleneck for such a system.
The Signal to Interference plus Noise Ratio (SINR) at the kth CN is:

SINRk =
Pb

txAb
0Ab
φ→kGch

b,k∑
i∈{B\b} Pi

txAi
0Ai
φ→kGch

i,k + PN
(3)

where b is the serving gNB for the kth CN, Pb
tx and Ab

0 are the transmitted power and maximum antenna
gain for the bth gNB, respectively, while Ab

φ→k is the normalized antenna gain of the bth gNB towards

the kth CN and Gch
b,k is the channel gain between them. Similarly, for the interference calculation, Ai

φ→k
is the normalized antenna gain of the ith interfering gNB towards the served CN. Lastly, PN is the
noise power at the receiver. The micro gNBs employ either omnidirectional antennas (Ab = 1) or
directional 120◦ sector antennas [15] with A0 = 18 dBi (see Table 1) and Ab = −min(12(φ/φ3dB)

2, 25),
where φ3dB = 70o. It has to be noted here that the Effective Isotropic Radiated Power (EIRP) of the
transmitting BS antennas remains the same with sector and omnidirectional antennas, i.e., 60 dBm.
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Table 1. Simulation parameters.

Simulation Parameter Value

Central Frequency 28 GHz

Transmitter EIRP and User Antenna Gain 60 dBm

Sector Antenna Gain (3GPP pattern for 120◦ sector) 18 dBi

Omnidirectional Antenna Gain 4 dBi

Total cable losses 2 dB

Channel Bandwidth 100 MHz

Aggregated Bandwidth (16 Carriers) 1600 MHz

Resource Blocks (RBs) 132

Minimum Received Power Prx, min −5 dBm

2.3. 5G System Module

The rate requirements set at each CN are to be met by 5G system options [16–18], hence, a generic
5G rate calculation module was used in order to associate SINR calculations at each CN with the
maximum throughput offered by the system. As previously mentioned, the system module that
was originally designed upon the LTE-A system’s specifications [7] is now extended to consider 5G
system options in FR2 bands, i.e., n257 in the mmWave range around the 28 GHz. The system module
considers a wideband channel of 100 MHz with subcarrier spacing of 60 KHz, a combination that leads
to 132 resource blocks [19]. The carrier aggregation technique was also considered with 16 New Radio
(NR) carriers [20], the maximum allowable by the 5G NR Radio Access Technology (RAT). The total
bandwidth increased to 1.6 GHz, while the total number of available RBs was 2112 (16 NR carriers ×
132 RBs per carrier). The module used the measured SINR at the CN side to estimate the required
number of RBs to offer the capacity requirement.

Figure 3 provides an insight on the rate offered from a 5G system as configured herein, when
compared to a typical LTE-A system with 20 MHz of bandwidth and five component carriers leading to
100 MHz of aggregated bandwidth. Both systems were considered without MIMO spatial-multiplexing
schemes since an eight-layer transmission can be supported by both.
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2.3.1. The Planning Optimization Algorithm

Our goal herein was to propose a network layout of optimally located microcells that keep the
deployment cost to a minimum while at the same time specific coverage and capacity criteria are met.
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Since in this analysis we only considered microcells, the deployment cost of each node was the same,
C, and hence, the total cost of a network deployment was directly proportional to the number of
nodes deployed.

Equations (4)–(7) are formulating this optimization problem.

BOPT
m ←

argmin
B′m ∈ B

∑
b∈B′m

Cb

 (4)

Subject to:
Pk

rx ≥ Prx,min, ∀k ∈ K (5)∑
k∈Kg

NRB,k ≤ RBmax, ∀g ∈ G′ (6)

Rk ≥ RCN,min, ∀k ∈ K (7)

where B′m is the set of candidate microsites that are under examination, Cb is the cost of the b microsite
(herein, Cb = C), K is the fixed set of CNs defined in Section 2.1, Pk

rx is the received power of the k CN,
G′ is the set gNBs associated with the B′m sites (as previously mentioned, when sectors are considered,
each site comprises three gNBs), Kg is the set of CNs currently served by g gNB, RBmax is the maximum
allowed resource blocks of a gNB, Rk is the rate offered by the system to the k CN and finally RCN,min is
the capacity requirement. Note that the different candidate solutions that were examined (B) were
derived in the context of the Genetic Algorithm (GA) methodology as it is described in the following.

The solution to the optimization problem defined earlier was the BOPT
m set of microsites that

entails the minimum total cost [7] of network deployment while at the same time meets the constraints
set by Equations (5)–(7). Herein, the optimization problem was tackled with a multi-objective
evolutionary algorithm [10] and specifically with the NSGA-II (Non-sorting Dominated Genetic
Algorithm-II). For this, the problem was analyzed and translated into a three-dimensional fitness
function, F =

{
F(1), F(2), F(3)

}
. Each dimension corresponded to an objective that needed to be

minimized. Equations (8)–(10) define the fitness function to be minimized.

F(1) =
∣∣∣B′m∣∣∣ (8)

F(2) =
∣∣∣K′∣∣∣, K′ =

{
k ∈ K

∣∣∣NRB,k → 0
}

(9)

F(3) =
∑
g∈G′


∑
k∈Kg

NRB,k −RBmax

 (10)

The first objective, F(1), corresponds to the weighted network cost, the second, F(2), is the total
number of CNs that do not meet their requirements, either capacity or coverage, while F(3) is the
excess RBs needed at a network level.

The NSGA-II algorithm imitates evolutionary mechanisms and employs biological operations
found in nature for generating optimal solutions. It starts with a random selection of an initial
population (sets of microsites) and by iteratively using operators such as selection, evaluation and
crossover or mutation evolves into optimal solutions. When NSGA-II reaches an optimal pareto front,
i.e., it cannot be further improved (average pareto spread and distance criteria were used [6]), then a
series of solutions corresponding to that pareto front is derived.

3. Radio Network Planning Results

Uniformly distributed CNs in the service area represented the area coverage and capacity criterion.
An initial throughput requirement was allocated at each CN, which gradually increased. At relatively
low capacity requirements, microcells with omnidirectional antenna patterns were uniformly placed
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by the optimization algorithm, as seen in Figure 4a, in order for each microcell to serve all neighbor
CNs (shown in Figure 4a with black stars). The SINR distribution (Figure 4b) also followed this regular
pattern. Note that although the received power fell sharply with distance due to the relatively high
frequency, the SINR did not fall as rapidly due to the equivalent reduction of the interference from
other cells.

Electronics 2020, 9, x FOR PEER REVIEW 7 of 11 

 

to the relatively high frequency, the SINR did not fall as rapidly due to the equivalent reduction of 
the interference from other cells. 

(a) (b) 

Figure 4. (a) Received power (dBm) and (b) SINR distribution in the service area for a dense 
omnidirectional micro gNB deployment. 

Microcells with omnidirectional patterns were then replaced by tri-sectored microcells, with 
each sector being a separate gNB in order to offer increased spatially selective throughput. Note that 
the EIRP of the transmitting BS antennas remained the same for sector and omnidirectional antennas 
(60 dBm), while a sector could be switched off, if it was not needed, in order to keep interference 
levels low. Hence, in the results depicted in Figure 5, there was a microcell with only one operating 
sector, and another microcell with two transmitting sectors. The rest of the microcells were placed as 
far apart as possible in order for all three sectors to be transmitting and covering a wider area. 

(a) (b) 

Figure 5. (a) Received power (dBm) and (b) SINR distribution in the service area for a dense tri-sector 
micro gNB deployment. 

As the throughput requirements increased, denser grids of microcells were deployed. As can be 
seen in Figure 6a, for high-capacity requirements with the ultra-dense networks, only microcells close 
to the CNs were transmitting, with only one sector pointing directly towards the corresponding CN. 
As a consequence, in Figure 6b, the positions not close to a sector antenna pointing directly towards 
them had very low SINR due to increased interference from the dense transmitting antenna grid. 
However, due to the optimization algorithm, the antenna position was such that there was no CN in 

Figure 4. (a) Received power (dBm) and (b) SINR distribution in the service area for a dense
omnidirectional micro gNB deployment.

Microcells with omnidirectional patterns were then replaced by tri-sectored microcells, with each
sector being a separate gNB in order to offer increased spatially selective throughput. Note that the
EIRP of the transmitting BS antennas remained the same for sector and omnidirectional antennas (60
dBm), while a sector could be switched off, if it was not needed, in order to keep interference levels
low. Hence, in the results depicted in Figure 5, there was a microcell with only one operating sector,
and another microcell with two transmitting sectors. The rest of the microcells were placed as far apart
as possible in order for all three sectors to be transmitting and covering a wider area.
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As the throughput requirements increased, denser grids of microcells were deployed. As can be
seen in Figure 6a, for high-capacity requirements with the ultra-dense networks, only microcells close
to the CNs were transmitting, with only one sector pointing directly towards the corresponding CN. As
a consequence, in Figure 6b, the positions not close to a sector antenna pointing directly towards them
had very low SINR due to increased interference from the dense transmitting antenna grid. However,
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due to the optimization algorithm, the antenna position was such that there was no CN in a position of
low SINR. With such optimal placement, the maximum throughput for the 25 CNs in the area reached
as high as almost 16 Gbps/Km2.
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Overall, comparing the performance of the various network configurations that resulted from the
optimization algorithm, it was evident that the denser the microcell deployment, the higher the area
throughput (see Figure 7). Moreover, with tri-sector microcells, the throughput almost doubled at the
ultra-dense networks with respect to that of dense networks, either with omnidirectional or sector
antennas. At these scenarios, as seen in Figure 6, most of the times each microcell had only one sector
antenna operating and hence, the advantage with respect to the omnidirectional deployment was due
to interference reduction to adjacent cells.
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Figure 8 provides an insight into how dense 5G networks with standalone small-cell architectures
can actually get. Even for the omnidirectional reference scenario, the cell radius did not get higher
than 400 m, while for the ultra-dense network the cell radius further decreased down to 120 m. The
spectral efficiency achieved now was 9.5 bps/Hz/Km2, approximately three times lower than the 5G
target of 30 bps/Hz, although no MIMO/beamforming was considered in our generic analysis. If this is
also considered, then it becomes obvious that the spectral efficiency goal will be easily exceeded.
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4. Conclusions

The ever-increasing demand for new wireless services, together with the evolution of cellular
networks, has led to the 5G era. The new network generation introduces major changes and, as a
consequence, significant challenges in terms of radio planning. This work focused on providing a
generic analysis for this problem, emphasizing the need for dense standalone small-cell networks in
the mmWave band of 28 GHz, in order to achieve the capacity goals of 5G. The complex nature of
the problem led us to employ a properly modified multi-objective optimization algorithm in order to
provide solutions in the context of the multiple constraints and specifics of a 5G mmWave network. The
three main constraints of coverage, capacity and cost were studied for a range of cases that reflected
scenarios from dense to ultra-dense network deployments in order to achieve high capacity.

The produced results showed that the denser the microcell deployment, the higher the area
throughput and also that sectored microcells double the throughput for ultra-dense networks compared
to dense networks since better interference control is achieved through the operation of one, instead
of two or three, sector antennas. In terms of how dense 5G networks with standalone small-cell
architectures can actually get, the analysis showed cell radii below 400 m that reached 120 m for
the ultra-dense sectored network. Finally, the spectral efficiency reached 9.5 bps/Hz/Km2 with no
MIMO/beamforming, which leads to the conclusion that the 5G spectral efficiency goal can be easily
exceeded if these techniques are also exploited.
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