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Abstract: As the recent COVID-19 pandemic has aptly demonstrated, emergency scenarios concern-
ing public health and safety may require citizens to remain at home even as patients, potentially in the
context of a municipal or national lockdown. Homestay patients may require real-time monitoring,
which will offer not only communication but also empirical data and will contribute to developing
their personalized electronic health record in knowledge bases. Our paper features an extensive
RF coverage design for such a municipally deployed and administered 5G-enabled smart city net-
work, supporting a broadband monitoring service. The antenna deployment for the outdoor urban
topology is analytically described (for the downlink channel), and the intrinsic indoor propagation
characteristics are considered for the uplink channel. A digital baseband signaling scheme is assumed
on the basis of a user-customized health-related monitoring service. Path loss and fading calculations
consider the potential worst-case propagation conditions so that the RF coverage will be reliable,
leading to a resilient city-wide municipal network.

Keywords: 5G; smart city; broadband; RF coverage; channel modeling

1. Introduction

The concept of smart cities is no longer a futuristic scenario. Instead, it is becoming a
key aspect of modern urban planning. The present-day urban environment is increasingly
enabled by information and communication technologies. Digital applications are offered
over energy and telecom infrastructure networks. As the energy needs of large metropolitan
areas grow, so does the demand for the smarter management of resources. A smart and
sustainable city aspires to function in a way that offers quality of life for its citizens [1].

Since decentralization is not a realistically feasible solution, the impact of population
density on the environment needs to be taken into consideration so that smart city planning
can provide cost-effective ways of optimizing the consumption of energy and natural
resources while minimizing pollution [2]. At the same time, it is imperative to consider
efficient solutions for waste disposal [3]. A smart city is an ecosystem that offers a variety
of services to its citizens and allows for the seamless exchange of information among all
its interconnected subsystems [4]. While maintaining this system-level overview, we re-
structured our notion of smart cities on the basis of a network-defined model that serves as
the theoretical stepping stone for all innovative results and concepts featured in this work.

The paper is structured as follows: Section 2 defines our outlook on smart cities
through the lens of network infrastructure. This is the theoretical basis for our innovative
results. Section 3 reshapes the service-oriented definition of smart cities as a human-centric
designation, on par with ICT-centric implementation, which is presented in Section 4.
Section 5 introduces the 5G network as the broadband game changer, which serves, as
shown in Section 6, as a smart city enabler. Section 7 features some handpicked examples
of smart city case studies across the international scene, whereas Section 8 discusses the
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economic impact of 5G on smart cities, further strengthening our outlook of a smart city
as a network-defined model. Section 9 introduces our innovative results, beginning from
the deployment of 5G-enabled smart city base stations so that coverage in a certain urban
area is accomplished for a minimum actual broadband connectivity rate of 2.048 Mbps,
as per ITU specifications, for variable shadow fading considerations. Section 10 presents
the impact of indoor channel conditions on the transmission of baseband information,
corresponding to a smart city user monitoring service. This process addresses the pass-
band modulations available in the context of 5G-enabled infrastructure and takes into
consideration the external wall penetration for indoor-to-outdoor propagation for the
uplink channel. Section 11 summarizes our findings and conclusions and discusses open
future work. Finally, all references are provided.

2. A New Outlook on Smart Cities: The Network-Defined Model

The acquisition and analysis of empirical data from the smart city networking in-
frastructure provides the necessary feedback that enables the evaluation of all services
and the optimal use of resources regarding long-term sustainability [5]. According to
the authors’ opinion (and the basis of the innovate results presented in this paper), an
infrastructure-defined smart city will provide even greater potential for the designation and
implementation of services while being inclusive of the time-domain and frequency-domain
analysis offered in the traditional service-defined model [5].

In this context, the term “infrastructure” refers directly to the network deployment
via which smart city services are offered. Therefore, the infrastructure-defined model that
is proposed in this paper, is, in a more explicit manner, a network-defined model. Thus,
the concept of smart cities is identified as its deployment: the network infrastructure. The
authors’ reasoning for this lies in the fundamental notion that the existence of a smart
city, which allows for a singular, base-level, and functional definition as a basis for every
other case study and application, is empirically validated and confirmed via its network
infrastructure. Without the interconnection of its integral components and without a
network infrastructure, a smart city cannot exist as such.

3. Services for Smart Cities: The Human-Centric Designation

The contemporary models of sustainable cities revolve around the smart city axis, i.e.,
cities that operate with a “smart economy”, “smart mobility”, “smart environment”, “smart
people”, and “smart living” [5].

These solutions must be interconnected, enhance the residents’ ties to the actual
infrastructure of cities, focus on the integrated urban environment, and include all sectors
and parameters that affect the quality of living. These fundamental areas of interest can be
categorized as follows [6,7]:

• The term “smart economy” refers to e-business and e-commerce, increased production,
and ICT (information and communications technology)-driven production and dis-
tribution processes, i.e., the integration of integrated communications and electronic
systems in the modern era and ICT-oriented innovation, as well as new products,
services, and business models;

• The concept of “smart mobility” gives priority to clean and non-motorized energy
options over conventionally fueled transportation systems and infrastructure. Smart
mobility also refers to all necessary information and the means of passing this infor-
mation to the public in order to drastically reduce CO2 emissions. This provides yet
another example of why a network-defined model of a smart city is more effective;

• The term “smart environment” refers to the overall means and methods for energy
efficiency and green policy in an urban metropolitan area. This includes renewable
resources, energy metering, pollution control, building renovation, green buildings,
green urban design, resource efficiency, and, finally, all effective techniques for the
reuse and renewal of resources that serve the “smart environment” cause;
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• In the context of a smart city, e-skills and the ability to work within the ICT concept, ac-
cess education, and manage human resources within a society that promotes excellence
and innovation are some of the characteristics that deem someone a “smart person”;

• “Smart living” encompasses an ICT-oriented mentality and way of life. It also includes
a healthy and safe life in a culturally active city, with a variety of historical and
contemporary references, which are preserved but also further enhanced with the
introduction of ICT-based innovation.

The conception, design, implementation, and seamless provision of services from the
municipality to the citizens is built on the following key axes [8,9]:

1. e-Government of the municipality: participation in decision making and implementa-
tion of decisions through participatory democratic processes, featuring transparency
and public control in the activities of the municipal administration;

2. Improvement in the access to the infrastructure of the municipality: Provide innova-
tive services and/or extension of existing services, with the option of “remote access”
for both tactical and emergency (i.e., pandemic) scenarios. The digitized services of
the municipal register, residence certificate, and family share are also included in
this section, which will not only reduce delays and bureaucracy but also reduce the
needless consumption of material (e.g., paper) and human resources;

3. Networking infrastructure provided by the city to the citizens (community services
and networking infrastructure) related to the implementation of applications and
technologies to improve the quality of life of the city’s residents. This infrastructure
will vary and involve both wired and wireless physical means of transmission but
will always have to provide broadband connectivity per user device (and not an
“in general” downlink broadband rate), i.e., at least 2.048 Mbps/device in order to
provide robust access and service to citizen–users from the services offered.

The paradigms of smart city services are provided in the following sections. These
implementations are based on the conceptual design of the Internet-of-Things (IoT), where
an ecosystem of interconnected devices and entities has been considered the epicenter of
each service and application.

This ecosystem involves both the interconnected citizen–users and the smart devices
that comprise the pool of physical and virtual entities to which each service refers. This
ecosystem is spread throughout a physical urban surface where the service signal is med-
dled with obstacles and other channel impairments.

The reliability of each service is related to the robustness of the network architecture,
since the quality of service of the infrastructure correlates significantly with the quality of
experience for each end user. These entities should also support broadband connectivity
through their physical interfaces, whether wireless or wired, for both downlink and uplink
streams of transmission. This pool of services and applications includes smart public
transport, smart parking applications, waste bin monitoring systems, and quality-of-life
services. As far as the network architecture is concerned, 5G is designated to be the key
technological infrastructure in this endeavor.

4. Services for Smart Cities: The ICT-Centric Implementation

The fundamental ICT layer consists of a sensor grid in the city, where all points of
interest are to be monitored and controlled. These sensors include installed CCTV cameras,
natural parameter sensors, RFID tags, mobile devices, embedded SIMS, and actuators.
These points of interest could include traffic intersections, bus stops, railway stations, utility
poles, and water supply lines. These sensor/device arrays are further connected to wireless
or wireless communication devices, such as routers/switches, which serve as gateways for
further devices that acquire and evaluate data as part of an overall monitoring and control
system [10].
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Communication networking technologies provide the infrastructure for smart cities so
that all devices, computers, and physical users can establish reliable and secure communica-
tion links. This includes mostly terrestrial (wired and wireless) but also satellite networks.
The network-defined mode of smart cities encompasses all range groupings, from personal
and home/local area networking to metropolitan/wide area networking [11].

The availability of real-time data and information in various verticals is very important
for the success of smart city designation and implementation. This ubiquitous availability
requires setting up advanced data centers and cloud infrastructure that integrates different
smart city applications [12].

High-performance data analytics using advanced AI algorithms aided by machine
learning are also key technologies for smart city applications, as decisions need to be made
in real time across different domains. This can include understanding the current state of a
system and predicting the future state through predictive analytics. Fuzzy logic analysis
may need to be employed for different parameters [13].

Finally, an integrated management and administration center is meant to provide a
single interface for assessing all information at the city level. These command and control
centers do not imply that only one will be applicable to a single city, but many smaller ones
could feed the necessary information to its different nodes [14]. Thus, scalability in terms
of population density, area coverage, and aggregation of services and collected data will be
the determining factors as to the hierarchy of the different gateways and command centers.
The municipal character of a smart city designation implies that the city council can be the
top administrative authority [15].

5. 5G: The Broadband “Game Changer”

The outgoing 4th generation long-term evolution (4G LTE) system supports data
transfer speeds of up to 100 Mbps downlink [6]. Its extension, the 4G+ (LTE-A) system
supports rates of up to 300 Mbps, and by using small cells to provide additional broadband
coverage we have been able to achieve downlink rates of up to 500 Mbps in the microwave
frequencies [6].

The implementation of fifth generation (5G) cellular systems heralds the move towards
more sophisticated and smarter technology [16]. 5G licensing started in the second half of
2020 and covers the microwave frequencies of 700 MHz, 3.5 GHz for urban environments
(cities), and 28 GHz [5]. A bandwidth up to 100 MHz is allocated for urban topologies
and for the 3.5–3.6 GHz microwave band [5]. Thus, it is possible—and in many cases,
essential—to establish smaller cells than the 4G infrastructure, with a radius of 100 m
or even smaller depending on the coverage scenario in question. The criterion for cell
deployment is the minimum broadband per device (Mbps per device), which indirectly
includes user density (device density) [5].

5G deployment allows for transmission rates ranging from 250 Mbps per device up to
peak rates of 1 Gbps per device [3]. At such broadband speeds, all multimedia applications
that constitute the 5G use cases can be supported, as well as AR/VR applications [17].
Smart city platforms can be implemented with a very low network latency, since both the
transmission delay (due to the high transmission rate) and the propagation delay (due to
the smaller cells and, therefore, smaller propagation distances) will have significantly lower
values [18].

The deployment of 5G in relation to smart city strategic designs and implementation
will exploit all the advantages of this smaller cell, higher bandwidth, and higher spectral
efficiency technology, with a focus on broadband connectivity per device, thus addressing
one of the main network-related challenges of smart cities: user density in a topology
with high density of obstacles and shadowing effects. The densification of 5G base sta-
tions resolves the smart city’s need for more antenna systems per unit area (base station
density) [19].
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5G can be described as a software-defined network architecture that can be dynam-
ically deployed to provide the essential level of control for a given application. It is also
possible to dynamically allocate resources based on network slicing to serve private cus-
tomers and implement private use cases. This will facilitate novel business use cases. This
potential impacts positively on ad hoc networks in general and on smart city scenarios in
particular [20].

The role of 5G as an enabler of smart city technology is studied in the next section.

6. 5G as a Smart City Enabler

5G, with its advanced features, as discussed in the previous section, meets the demands
of smart city services and applications. The 5G capabilities that enable large-scale IoT
implementation for smart cities are [21–23]:

• Device connectivity: 5G supports a significant increase in the number of interconnected
devices, such as sensors, cameras, and actuators, in a wireless infrastructure, which is
the basis of IoT deployment. These devices are required in homes, roads, traffic hubs,
and public places, such as bus stops and railway stations, in order to support smart
traffic systems, smart homes, and public safety, as well as the security and surveillance
requirements of smart cities. The interconnection of these devices is made possible by
the very large increase in the capacity of the 5G system, due to the following:

(a) Optical conversion of the backhaul/core of the network with the deployment
of fiber optics in cities;

(b) The usage of more antenna systems with lower transmit power per antenna;
(c) Therefore, more cells for a given urban coverage area;
(d) Thus, serving more users within each cell and, therefore, across all cells in

total. These users are no longer only physical users—subscribers to the mobile
service with their mobile phones—but also virtual users, i.e., smart devices
that can be served with multi-adaptive rates of broadband connectivity by 5G
antennas (i.e., base stations).

• Very high bandwidth up to 100 MHz to support video streaming services over wireless
channels and high volumes of data;

• Ultralow network latency for improved user experience, including delivery of 3D
and holographic images, for applications such as unmanned driving and AR/VR
applications. The latency of less than 1 ms provided by 5G enables ultralow-latency
communications that can support sensitive applications in the context of smart cities;

• “Always-on” connectivity provided by 5G supports services in high-mobility/vehicular
environments, such as high-speed cars and trains, with strict requirements in terms of
Doppler spread and multipath fading. One hundred percent geographical coverage
is also required to support an intelligent traffic monitoring and management system.
Many smart healthcare services also require an “Always ON” mode, as the reliability
of communications is paramount when biomedically sensitive information is involved;

• Energy efficiency: The deployment of a massive number of antennas and devices can
burden the energy requirements of a smart city ecosystem. Designation based on 5G
ensures that smaller cells and reliable channel estimation leads to a minimum power
consumption for all involved devices.

Table 1 provides selected examples of services upon various domains of the smart
world that 5G-enabled smart cities can support [21–23].
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Table 1. Examples of services for 5G-enabled smart cities.

Smart World Examples of Services

Transportation Intelligent parking, bicycle management, and ITS
(intelligent transport systems)

Healthcare
Mobile health/mHealth solutions, smart home care systems, remote
monitoring systems for the elderly, chronically ill or disabled, and

stay-at-home patient monitoring during a pandemic (i.e., COVID-19)

Energy Smart meters for electricity, gas, and water supply, smart grid services, and
decentralized energy systems

Building and Housing
Infrastructure

Smart homes using sensors for heating, air conditioning, lighting, security
systems, and other applications

Education Mobile learning applications and remote access

Waste Disposal Smart bins in homes, shopping centers, public buildings, and public spaces

7. Case Studies of Smart Cities

In this section, we present selected case studies of smart cities on an international
scale [24–27]. It should be noted that these case studies (Barcelona, Stratford, Singapore) are
handpicked based on recognition and the exemplary status of the renowned smart cities,
providing a showcase but not a thorough analysis of the smart city testbeds.

Barcelona has carried out significant reforms to become a smart city. To achieve
the initial goals of a smart city, Barcelona is employing information and communication
technologies (ICTs) to lead companies, institutions, specific sites, universities, technology
centers, incubators, housing, dissemination, and entrepreneurs towards digital renovation
and excellence [25]. With the aim of supporting smart city initiatives in terms of connectivity,
Barcelona is employing 3G and 4G technologies, Wi-Fi mesh network, sensor network,
public Wi-Fi network, new mobility plan, new heating and cooling systems, new energy
networks, and underground tunnels. In addition, to better serve the city in terms of fast
response, fiber optic cables are being deployed, covering 325 km of the city. Currently,
Barcelona is moving towards a 5G-enabled smart city hub for Southern Europe [28–30].

Throughout the last decade, Stratford has emerged as a “smart city” by launching a
smart metering program to address new energy saving regulations and stimulate economic
growth. To achieve the launch goals, Motorola’s 802.11n wide area network (MWAN) was
deployed city wide. The Motorola AP 7181 802.11n was used as the external access point,
and an AXS1800 GPON system was used to transmit the encrypted smart meter data. In
the beginning, the meters were manually read once a month. To perform the audit, smart
meters were installed in 200 houses based on a 40-access-point grid network. During the
trial period, the meters were remotely accessed daily to determine how to reduce electricity
consumption [26]. Recently, Stratford has moved on to 5G technology in order to boost the
smart city services offered to its citizens [31].

Singapore has been consistently moving towards more sustainable urban development
and a smarter city planning. One of the key motivations behind the city’s transformation is
the need for a smart transport system so that some of the city’s constraints, such as land and
lack of natural resources, would be overcome. Published research shows that in Singapore,
roads already occupy 12% of the land area and the number of cars has increased to 9,700,000,
marking a 62% lead over buses, taxis, and two-wheelers. To implement the intelligent
transport system, sensors were deployed by leveraging the ultrahigh-speed 1 Gbps national
broadband access and wireless broadband infrastructure [27]. Smart technologies not only
help monitor traffic but also enable the capabilities to predict future congestion that can
lead to optimal route management. In addition, to accommodate people with disabilities,
RFID cards are used to extend the transit times at traffic light poles. Recently, Singapore has
extended its smart city services and applications towards maritime IoT via the deployment
of 5G technology [32].
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8. Economic Impact of 5G on Smart Cities

The impact of 5G on the deployment of smart cities, the technological renovation
of urban metropolitan areas, and the quality of life of the citizens, as well as economic
growth and development, is no longer a theoretical issue. Already entering its third year of
global launching, 5G has offered tangible examples of how a city benefits not only from the
technological and qualitative aspects but also in terms of economics [33–35].

Smart city solutions applied to the management of electrical grids and vehicle traf-
fic have resulted in substantial financial gains through a reduction in energy and fuel
consumption [33]. 5G solutions have enabled cities to accomplish significant smart grid
efficiencies [33].

In addition to providing increased bandwidth and data rates, 5G cells have allowed
the ubiquitous connection of an even larger number of devices within the network in-
frastructure. This has led not only to a significant increase in the pool of physical users
benefiting from existing services and applications but also in investment towards novel
services with emphasis on AR/VR and shifting the paradigm from quality-of-service (QoS)
to quality-of-experience (QoE) [34].

It has also been showcased that the economic impact of 5G-enabled smart cities is not
limited to the city finances but also to budget investment for further city development and
job openings. Thus, the GDP increases, and the job openings create more career choices for
the citizens towards a more “digitally aware” professional environment [35].

9. A Novel Methodology for 5G-Enabled Broadband Connectivity Coverage of
Smart Cities

Smart city applications are deployed in topologies with many buildings of varying
heights and construction materials, with mobile users wishing to connect to the services of-
fered by each municipality [36–38]. Wireless propagation in such environments is hindered
by both large-scale and small-scale fading, whereas channel state information is not known
beforehand but requires assumptions within a certain probabilistic range (semideterministic
channel prediction) based on measurements and other empirical data.

All these mobile users, either in an outdoor environment or in their apartments, require
a broadband connection, the minimum value of which is set by the ITU at 2.048 Mbps [5].
This is set as the essential minimum rate for each user connecting to the municipal ser-
vices. This means that when there is a large accumulation of users (i.e., an increased
density of users wishing to connect to the services), congestion occurs due to the increased
telecommunication traffic. In the case of wireless networking, the distribution of broad-
band connectivity to users within range who wish to connect to the smart city’s broadband
infrastructure is of particular importance.

It is therefore imperative to establish a reliable method for the prediction and calcula-
tion of the signal-to-noise ratio (SNR) in order to provide a robust metric for the calculation
of the total bandwidth connectivity rate offered by any given antenna in the urban area [36].
The maximum reach of any given antenna, that is, the cell radius, is determined by the
minimum broadband rate of 2.048 per device. This means that the average (expected)
number of devices per cell needs to be estimated. If empirical data exist, then the number
of devices becomes the basis for all further calculations. In any case, the local mean SNR
(the SNR at each point of interest) needs to be calculated in a reliable, albeit empirical,
manner [37].

This requires the calculation of noise, which in our case is already provided from
the empirical data derived from extensive measurements that we performed, and the
signal power (i.e., local mean value) is the objective of this section. To achieve the reliable
calculation of the local mean received power, validated RF models were employed, adjusted
for use in the 3.5 GHz channel. The idealistic free space path loss model was employed
first, since it serves as a reference path model for all subsequent calculations [38].

The basic radio propagation mechanism is described mathematically by Friis’ formula
and is based on the physical concept of the propagation of EM radiation as an ideal sphere



Information 2023, 14, 156 8 of 17

with an ever-increasing radius in space. As the radius of this ideal sphere increases (i.e.,
the distance between the transmitter, which is assumed to be located at the center of the
ideal sphere, and the receiver, which is located on the surface of the sphere), the radiation
density per unit volume (J/m3) decreases [39].

If the speed of the propagation of the EM radiation (i.e., the rate of increase of the
sphere) equals the speed of light, then the rate of increase of the sphere leads to a decrease
in the power density per unit area (W/m2). In this way, the inverse square law in Friis’
formula is explained, which in its logarithmic form is expressed as follows [39]:

PL(d) = 32.45 + 20 log10 f (MHz) + 20 log10 d(km) (1)

The logarithmic formulation of Friis’ formula, also known as the free space model,
calculates (in dB) the mean path loss as a function of the distance between the transmitter
and the receiver (in km) and the operating frequency of the system. Knowing the mean
path loss and the total radiated power from the transmitter (effective isotropic radiated
power (EIRP)), we can calculate (in dBm) the local mean received power.

Equation (1) calculates the mean path loss as a function of distance expressed in
kilometers. It is often more useful to employ a formula that calculates the path loss, with
the metric of distance expressed in meters. This proves more convenient when we consider
limited-range networks, e.g., a municipal Wi-Fi in a city square. In addition, the trend for
both small cells in deployed 4G networks and the expanding 5G system is for smaller-range
cells, so that path loss models should be able to take as an input variable the transmitter–
receiver distance directly in meters rather than in kilometers. The following equation
provides the loss in dB when the transmitter–receiver distance is expressed in meters [40]:

Ltotal = PL(d0) + N log10

(
d /

d0

)
(2)

where PL0(dB) is the reference path loss for the reference distance, d0, which is considered
equal to 100 m or 1 km for outdoor environments and equal to 1 m for indoor environments;
N equals 10n, where n is the path loss exponent which equals 2 for the free space model.
The frequency dependence is “embedded” in the coefficient PL(d0) (i.e., reference path
loss), which is calculated from Equation (1), assuming a distance equal to the reference
distance, d0.

The local mean received power, according to the free space model, corresponds to the
losses that depend on the distance between the transmitter and the receiver (T–R separation)
and the operating frequency of the wireless system under consideration. Thus, the free
space model assumes strictly deterministic losses. In realistic propagation environments,
however, with many obstacles and complex electromagnetic propagation phenomena,
the free space model is not reliable for the calculation (i.e., prediction) of the local mean
received power, because it does not consider losses due to the fact of shadowing and other
phenomena (reflection, scattering, and diffraction) [41].

The first simple way to incorporate these additional losses into the model of Equation (2)
is to modify the value of the path loss exponent accordingly. This, in most cases, corresponds
to a path loss exponent larger than 2 (i.e., the free space model value).

When the shadowing losses are due to the fact of fixed (i.e., static) obstacles, their
impact on the signal attenuation for a given location of the transmitter and receiver exceeds
the time scale of seconds or minutes. These losses are then incorporated in the logarithmic
formula, and the shadow loss is also included in the total path loss calculated (predicted)
by the model, which leads to the Log-Distance path loss (shadow) model [42].

The mathematical expression of the log-distance path loss model is given by the
expression [43]:

Ltotal = PL(d0) + N log10

(
d /

d0

)
+ Xσ (3)

where PL(d0) is the path loss for the reference distance (as in the free space model, the
reference distance is taken equal to 1 m for indoor environments); N is the path loss
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exponent (×10); and Xs is a Gaussian random variable with zero mean and a standard
deviation equal to σ dB. N and σ are calculated from empirical data (either from textbooks
or other published works or hands-on measurements) [42].

Assuming a coverage rate equal to 95% (suboptimal scenario), the relationship between
the Gaussian random variable and the shadowing deviation is equal to [42]:

Xσ = z × σ(dB) = 1.645 × σ(dB) (4)

The main disadvantage of the logarithmic distance model is the need to concurrently
provide reliable values for two parameters (path loss exponent and shadowing depth).
Our method relies on assigning a fixed n = 2 value for the path loss exponent, as per free
space specifications, and the “transfer” of all excess path losses (any path loss “beyond”
the deterministic distance-dependent attenuation, meaning practically all shadow losses
due to the fact of obstacles) to the shadow variable Xs (dB).

Thus, we calculate the range of each smart city antenna based on the following formula:

d(m) = 10[
Pt(dBm)+Gt(dB)−PR(dBm)+27.55−20 log10 f (MHz)−(1.645×σ(dB))

20 ] (5)

This formula is obtained by incorporating the deterministic and shadowing losses, a
predefined total radiated power (EIRP) for the transmitter (municipal base station antenna)
and, thus, calculating the maximum range of the antenna, which serves as the 5G-enabled
smart city cell radius.

Since the smart city platform is implemented with a 5G microwave network, the
total radiated power (EIRP) is set to 24 dBm (the logarithmic sum Pt(dBm) + Gt(dB) in the
equation) [5], the frequency equals 3.5 GHz (or 3500 MHz), and the minimum level of the
local mean received power is set to −85 dBm.

This specific selection of local mean received power level is due to the extensive noise
level measurements we conducted in two urban centers: Patras, Greece, and Athens, Greece,
with the SNR-3006 EMF equipment [5]. We conducted measurements of the noise levels at
various band widths, starting from a reference level of the 1 MHz spectrum. The averaging
of the results demonstrates a noise level of −95 dBm for the 100 MHz spectrum around the
3.5 GHz carrier frequency. Thus, an average received power level of −85 dBm provides a
minimum SNR of 10 dB at the cell edge, which approximates the requirement of 10.6 dB
for the lower-throughput modulation schemes [40–43].

Thus, we calculate the range (in meters) of each antenna system of the smart city
platform as a function of the shadowing depth (in dB), as follows:

d(m) = 10[
65.67dB−(1.645×σ(dB))

20 ] (6)

The variation of the output (antenna system range) with respect to the input (shadow-
ing deviation) is illustrated in the following plot (Figure 1).

This method allows for the exact calculation of the cell radius of the smart city platform
for each possible value of the shadowing depth (from 0 to 14 dB). The average value of the
shadowing depth, for 7.1 dB, gives us a maximum range of 660.7 m, close to the boundary
of a 4G/4G+ mobile cell (500 m).

For a shadowing depth equal to 10 dB, which is a more realistic value for an outdoor
obstacle-dense propagation environment, such as a city urban center [25,26], the range of
each antenna is defined at 197.93 m (~200 m), and the area of each antenna (coverage area)
equals 0.1567 square kilometers (sq km). This provides a key planning and deployment
distinction between 4G and 5G networks.

The importance of calculating the coverage area of each antenna system is that we can
calculate the number of total antennas required to cover a total area corresponding to the
center of a large city or the whole of a medium-sized city, for the purpose of implementing
a smart city platform for a large- or medium-sized municipality, respectively.
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Figure 1. Antenna range vs. shadow depth for a 5G-enabled smart city broadband coverage scenario.

Since each antenna used by the municipality is an omnidirectional dipole antenna, we
consider a circular coverage range, which can be approximated as a square, as depicted
in Figure 2, with a square side of 2d, where d is the range calculated from Equation (6).
Considering a total square coverage area in a two-dimensional x–y-axis system, the total
number of antennas for a given area surface is calculated as follows:

z =
x(m)× y(m)

4 × d2 (7)
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Figure 2. Square approximation of circular coverage.

For instance, a total urban area of 10 square kilometers, suffering from a shadowing
depth of 10 dB, provides (from Equation (6)) d = 197.93 m and a respective coverage area
equal to 0.1567 square kilometers (square approximation). Therefore, Equation (7) provides
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z = 63.816, which is rounded to the next higher integer value and, therefore, we have
64 antennas required (as 5G-enabled municipal base stations at 3.5 GHz) to cover an urban
area of 10 square kilometers.

The next logical step is to extend this methodology so that we can calculate the
number of antennas for any possible value of shadowing depth (in dB) and urban area
(in square kilometers). This requires the solution of a two-input variable system, so a
3D graph is required. The code was produced in MATLAB environment, and the results
are shown in Figure 3. Thus, we can extend the total urban surface for coverage up to
50 square kilometers.
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Figure 3. Number of municipal base stations required for a 5G-enabled coverage of an urban
obstacle-dense propagation topology.

For a bandwidth allocation of 100 MHz, the lower-throughput BPSK modulation
scheme (worst-case scenario at the cell edge) can provide up to 100 Mbps (total downlink
rate) per 5G municipal base station; therefore, a generic FDMA scheme can serve up to
50 users. Orthogonality can double those users up to 100. Each subcarrier can have a
spectrum allocation of 2 MHz.

10. Impact of Intrinsic Propagation Characteristics for the Characterization of the
Uplink Channel Regarding a Broadband Monitoring Service

In this section, we examine the impact of channel conditions on the choice of modula-
tion scheme and the performance of said modulation scheme for the specific topology at
hand in order to provide the proper physical layer scheme for the uplink counterpart of the
downlink broadband connectivity of the coverage scenario investigated in Section 9. This
uplink channel must take into consideration the specifics of indoor propagation topology,
as well as the indoor-to-outdoor penetration losses.

We assume that the citizens are offered a monitoring service measuring a biophys-
iological metric such as for instance glucose. The biosensor, functioning as an Internet-
of-Medical-Things (IoMT) device, records these biophysiological values at regular time
intervals, the frequency of which is determined by the memory availability of the biosensor
and by the robustness of its ADC component, so that the collected glucose values are
converted into a digital baseband signal based on a standard PCM technique [44].

In order to maintain the ultrareliable low-latency communications (URLLCs) spec-
ification set by 5G technology, with a maximum transmission delay of 1 ms; then, the
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transmission rate, Rs (system rate), must assume a minimum value that validates the 1 ms
threshold in terms of latency [16].

The transmission delay is the time required to upload all the packet bits on the
transmission link. It depends on the size of the data and the rate of the channel (in bps).
The formula for the transmission delay is given by [45]:

t =
L
Rs

(8)

where L is the length of the packet, and Rs is the transmission (system) rate.
In order to maintain the ultrareliable low-latency communications (URLLCs) specifi-

cation set by 5G technology, with a maximum transmission delay of 1 ms, the transmission
rate, Rs (system rate), sets an upper-bound to the maximum length of information transmit-
ted within that timeframe of 1 ms [16].

We also must consider two different topologies and their respective channel char-
acteristics: indoor topology from the biosensor to the mobile 5G terminal and from the
5G terminal to the outdoor 5G base station (via penetration of the external wall of the
apartment building).

The indoor propagation scenario can provide two possible schemes: line-of-sight (LOS)
between the biosensor and the mobile 5G terminal, and obstruction of LOS (OLOS/NLOS)
in the presence of obstacles.

The indoor-to-outdoor propagation scenario, since there is penetration of the external
apartment wall in order to establish a link between the mobile 5G terminal (indoors) and
the 5G-enabled municipal smart city antenna (outdoors); the scheme is strictly NLOS, with
a severe shadow depth equal to 10 dB [40–42].

Therefore, we firstly consider the scenario of wireless data transmission from the
biosensor to the 5G mobile terminal within the environment of a room with a maximum
range of 15 m. As mentioned, we distinguish two possible propagation conditions; in the
first scenario, transmission occurs under ideal conditions, with distance-based losses, i.e.,
deterministic losses. In practice, this means that we do not consider any obstacle between
the transmitter and the receiver, assuming the existence of line-of-sight (LOS) between the
two antennas [16].

In the second scenario, we consider a 10 dB shadowing loss due to the fact of obstacles
and the overall propagation phenomena that affect and distort the signal, shifting away
from the model of ideal wireless propagation [46]. In this case, for a shadowing deviation
of 6 dB, a value quite “moderate” for a given presence of obstacles [6], there is a significant
drop in the signal level. It is worth noting that a shadowing deviation of 6 dB can also be
encountered if a wearable biosensor is temporarily blocked by a piece of fabric from the
patient’s clothing. Therefore, it is not unlikely that such shadowing losses can occur even if
there are no large obstacles in the room that create a typical LOS obstruction between the
two antennas [16]. For this reason, we proceed with the calculation of the SNR results for
the second scenario.

To further examine the impact of this more realistic consideration, we produce the
results, as illustrated in Figure 4. Three different carrier systems were investigated, as per
wireless body area network (WBAN) specifications [46]: 900, 2400, and 3500 MHz. The
900 MHz band, while still in use by some GSM systems, is widely employed for biosensor
transmission within a room, as is the ISM band (2.4 GHz). Finally, we considered the
possibility that the biosensor transmits to the mobile terminal directly at the 5G 3.5 GHz
channel. A noise level of −80 dBm was considered for the 900 MHz and the ISM band,
according to the literature [46], whereas for the 3.5 GHz channel, a noise level of −85 dBm
was considered, as discussed in Section 9.

Based on the findings shown in Figure 4, even for the worst-case SNR value for
the 3.5 GHz channel, the QAM-16 modulation scheme can be employed [16]. This is a
modulation scheme used in the 5G protocol as well [6].
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Figure 4. Signal-to-noise ratio (SNR) for wireless propagation in a room (15 m area) for a 10 dB
shadow loss at 900, 2400, and 3500 MHz.

Concerning the indoor-to-outdoor propagation link, which as mentioned earlier can
only be reliably described as an NLOS channel scenario, the simulation results, conducted
in MATLAB for the bit error rate (BER) considering the QAM-16 modulation, are shown in
Figure 5. We can see from the plot that the log-normal distribution provides a slightly better
fit than the Rayleigh fit. Both distributions comply with an NLOS channel scenario [41,42].
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Figure 6 provides the performance of BER vs. Eb/No simulations run for different
modulation schemes and varying channel assumptions (Rayleigh vs. AWGN). It should
be noted that the AWGN in this context does not negate the mandatory NLOS condition
considered for the indoor-to-outdoor propagation topology; it merely prioritizes large-scale
fading losses (due to the fact of shadow fading) over small-scale fading (due to the fact of
multipath), by allowing a broader fade margin.
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This can be the case for quasistatic Rayleigh fading channels, where the channel
characteristics remain constant (albeit still providing an NLOS scenario) for the transmission
of a whole length of information. We choose to work with a “stricter” modulation scheme
in the uplink channel, because in that stream we have the more sensitive biomedical data
(digital baseband derived from the biophysical data); therefore, the requirements are higher
in terms of robustness and reliability, also conforming to the URLLC specification.

In our case, an Eb/No of 16 dB with a worst-case scenario of 10 dB SNR (from Section 9)
can lead up to a rate of 500–600 Kbps for a 2 MHz bandwidth allocated per user within
the smart city spectrum of a 5G-enabled network. This leads to roughly 500–600 bits of
information length transmitted within the timeframe of URLLC-defined latency of 1 ms.

11. Conclusions

The goal of the “integrated vision” of smart cities is to improve the quality of life
of citizens in a sustainable way. It is important to have a very good coordination among
different stakeholders in the smart city ecosystem to achieve this goal. The 3G/4G wireless
systems cannot support emerging applications services, which seek to provide compelling
target experience such as reliability, ultralow latency, and device energy efficiency, as
required in the full potential of a smart city vision [47,48].

5G can connect wireless networks to thousands of diverse smart devices, such as cars,
home appliances, machines, and mobile device technology. Municipalities can employ
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smart city technologies, such as connected sensors and data, to deliver services more
efficiently and effectively.

5G can transform value chains and enable new opportunities at an unprecedented
scale for the successful implementation of smart cities. 5G can enable new opportunities
in smart cities by creating employment due to the fact of its own network infrastructure
implementation and as a result of enabling new applications because of its deployment.
This would result in boosting economic growth, which increases the annual GDP of the city.
Unavoidably, we may expect job losses in conventional businesses due to the automation
facilitated by 5G, for example, autonomous vehicles replacing drivers, automated parking
systems replacing parking attendants, and smart waste management systems replacing
sanitation workers.

Smart city operators should ensure that all citizens are in the position to take full
advantage of new opportunities and improved services provided by 5G. Such services
should be accessible and affordable to all. Clear rules on the acquisition and use of citizens’
data should also be established to prevent mishandling and protect privacy. Smart city
operators should also adopt digital inclusion plans to ensure that all community parts of
the city benefit equally from the opportunities provided by 5G. The full potential of smart
cities can be unlocked by 5G networks, creating jobs and new businesses. 5G-enabled
smart cities can drive economic growth and improve services and quality of life for all
urban communities.

In this paper, we established a novel method for antenna deployment with the aim of
broadband connectivity for a 5G-enabled municipal base station system with the provision
of a downlink bit rate towards stay-at-home citizens. Various modulation schemes, ranging
from the suboptimal QAM-16 to the generic BPSK (for a base-level broadband connectivity
of 2.048 Mbps), can be employed. Extensive noise measurements provide equally realistic
SNR values as cell-edge thresholds for the deployment of the antennas.

The uplink stream of the 5G mobile terminal to the base station can make full use
of the 2 MHz subcarrier spectrum allocation. For the uplink part of the transmission,
QAM-16 modulation was considered. Large-scale fading due to the fact of shadow losses
can take priority over multipath fading, thus reducing the energy per bit requirements,
while maintaining a very low BER. Thus, for a worst-case “cell-edge” SNR, a fraction of the
broadband connectivity is available for signal transmission, leading to limitations in the
baseband signaling, to maintain the mandatory URLCC specifications.

The further investigation of user data content, the digital baseband coding, and
the passband modulation and transmission specifications in both streams (i.e., uplink–
downlink) for realistic channel conditions, within the framework of smart city requirements
and emerging new demands, is the aim of immediate future work.
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