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Abstract

Mobile networks are expanding quickly as a result of development in wireless
technologies, especially with the recent introduction of the Fifth Generation New
Radio (5G NR). The growth in mobile networks requires the installation of massive
number of base stations (BSs) that bring concerns about increasing overall
electromagnetic field (EMF) radiation exposure levels. The International
Commission on Non-lonizing Radiation Protection (ICNIRP) has published
guidelines that have been adopted by many regulators in many countries to control
the overall radiation from EMF transmitters. This research started with
comprehensive review for recent works focused on BS EMF radiation assessment
for BSs from different perspectives including review for standard limits. An
enhanced formula is developed and proposed to accurately calculate the compliance
distance (CD) considering more factors such as power reduction factor and system
load. In situ measurements are conducted to validate the formula. The results show
that CD has shorter distances when the power factor is considered. Also, the study
investigated the compliance distance of shared sites by a group of Mobile Network
Operators (MNO). The results shows that, compared with a single MNO, the CD
increased by 41% in the case of two MNOs, 73% for three MNOs, and 100% for
four MNOs. Additionally, sharing scale-up formula is driven and proposed to
estimate the increase in CDs for N number of MNOs assuming that all MNOs use
the same site configuration. Finally, a design model is developed and proposed to de-
concentrate and reduce the total exposure ration (TER) from sectorized antennas of
the multi-technology BS with no drawbacks on site coverage level and capacity. The
model applies the concept of weighted antenna’s azimuth to spread the total
exposure among the horizontal direction. A set of simulations and field
measurements were done in a life network to validate the proposed solution. The
pre-and-post results show the TER and CD are reduced after applying the proposed
model. Overall, the system records show no significant impacts were observed on

site’s coverage level and capacity.

Vi
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Chapter One: Introduction

1.1. General Overview

Currently, the world is witnessing rapid development and growth in the Mobile wireless
communication industry, this growth is followed by a significant increase in the
installation of transmitting base stations (BS) inside and outside cities to ensure network
coverage and service access to the public, there is huge demand and use of mobile and
internet services everywhere from the world, which led to an increase in the number of
subscribers and consumers of mobile communication services, the expectations indicate
that increase in data usage through mobile networks will increase by 7,990% by year 2030
to reach 5,012 million TeraBytes (TB) per month compared to 62 million TB per month
for the year 2020 [1, 2].

The increasing demand for the use of mobile phone networks has led to great progress in
the development of network technology and solutions, starting from the first generation
(1G), the second generation (2G) of Global System of Mobile communication (GSM) ,
the third generation (3G) of Universal Mobile Telecommunications System (UMTS), the
fourth generation (4G) of Long-Term Evolution (LTE) ,and currently we are witnessing
the deployment of the fifth generation (5G) of New Radion and Internet of things (1oT).
It is expected end of this decade to see the introduction of the six-generation (6G). The
service providers, network operators, and vendors are installing large numbers of new
base stations and expanding existing ones to meet the increasing demand of consumers,
which has raised questions about effects of electromagnetic waves and radiation from

Mobile BSs on human health side.

Many scientific studies have been done over the past years to determine limits and high
levels of electromagnetic field (EMF) radiation, it’s used to set up controls and guides to
regulate the amount of radiation transmitted from BSs. There are guidelines and controls
adopted and issued by reliable international organizations, the most important of which
is the one issued by the International Commission on Non-lonizing Radiation Protection
ICNIRP [3], and the USA Federal Communications Commission FCC [4], which both
are recommended by World Health Organization (WHO) and adopted by national

regulators in many countries.



Investigating the exposure to Radio Frequency (RF) radiation is a hot topic and research
will continue as well as mobile technologies continue developing. The situation of adding
more layers co-located in the same site and also the site sharing between operators need
investigations to assess and predict the accumulated increase in radiation considering all
technologies transmitting with maximum power and considering new induced solutions
such as the massive Multi-Input-Multi-Output mMIMO transmitters (MMIMO). There is
a high expectation that 5G technology will be the system of general-purposes technology
[7], therefore deployment of 5G base stations requires balancing and optimization of both
the cost and signal coverage [5], this balance is done by operators during the network
planning design stage by which operators decide their strategy for deployment to go for
5G stand-alone (SA) or non-stand-alone (NSA) sites on existing co-location with 4G and
3G [6], according the results will have a different effect of total EMF output exposure

levels.

1.2. Problem Statement

This study addresses an important problem that has three points related to total
accumulated EMF radiation levels emitted from mobile network base station in the

situation of the co-existing multi-technology transmitting from the same site.

- First, determining and quantifying the increase in EMF exposure levels in terms
of Total Exposure Ratio (TER) due to the addition of ongoing 5G mMIMO
deployments on existing sites as the situation of multi-technology co-located site,
where most of the current related works (found in the literature) investigated the

situation of single-technology.

- Second, the accuracy of the equation designed to calculate the compliance
distances can be improved by developing an enhanced equation that considers
more factors such as power reduction factors and system load, where most of the
current related works (found in the literature) used the normal equation that used
limited factors. Also, it requires to develop a formula to calculate the compliance

distances for shared site by multi operators.

- Third, the increase in radiation levels due to the addition of future technologies

leads to more restricted compliance distances which constrains the 5G



deployment. An enhanced design technique or model is needed to de-concentrate

and reduce the accumulated power densities.

1.3. Proposed Solutions

The proposed solutions in this research are based on intensive study and comprehensive
investigation of the total accumulated radiation from the muti-technology base station

site.

As 5G uses highly massive Multi Input Multi Output (mMMIMO) systems, more factors
and variables were taken into account in several recent investigations of EMF exposure,
such as the actual emitted power, duty cycle, and spatio temporal. In this research, an
enhanced equation is proposed by involving the power reduction factor and the system
utilization load in the entire used power to calculate the power density and the compliance

distance of multi-technology base station.

Also, in this study, a simplified equation is proposed to estimate the compliance distance
for the situation of shared sites by a group of Mobile Network Operators (MNO) as multi-
operators who are operating with multi-technology and sharing the same tower.

As the main solution in this research, a design model is proposed to de-concentrate and
reduce the total exposure from sectorized antennas of the multi-technology base station
with no drawback on site performance in term pf coverage level and capacity. The model
applies the concept of weighted antenna’s azimuth to spread the total exposure by
horizontally separating the installed antennas in the same sector which results in less total

exposure ratio and reduces the complaince distance.

1.4. Research Objectives
Under the main aim of investigating the EMF accumulated radiation from the multi-

technology base station, the main objectives of this research are:

A. To Enhance the calculation formula that calculate the compliance distance of the
multi-technology base station by developing an enhanced equation that considers

and involves the power reduction factor and the system utilization load.



B. To develop a mathematical formula to calculate the compliance distance for the

site-sharing that includes multi-technology from different operators.

C. To reduce the total exposure ratio and the compliance distance for multi-
technology bases station by Developing a design model or technique as a solution
to de-concentrate the total exposure ratio and consequently reduce the compliance

distance of multi-technology site.

D. To calculate the total exposure ratio of the accumulated radiation from a multi-
technology site, quantify the contribution of each technology, and identify the

increase in total exposure due to the addition of the 5G technology layers.

1.5. Research Significance
The outcome of this study has scientific significance and importance to the mobile

network industry summarized in below points:

A. The analysis of the radiation considering multi-technologies may lead to revisiting
and updating the regulation to apply better controls in the base station’s

deployment.

B. The results provide an enhanced equation that has more accuracy in calculating
the compliance distances considering more factors and realistic configuration.

This can be used by both mobile operators and the regulatory organizations.

C. The study proposes a new design technique to reduce the radiation level while
maintaining the network coverage and capacity. This can be used by the operator’s
planning team during the design stage of the base station.

D. The results of this research will open the door and pave a way in future for more
studies as it drives thinking toward finding and enhancing solutions to control

electromagnetic radiation.



1.6. Methodology

The methodology of this study consists of five stages that include a combined approach

of mathematical calculations, computational simulation, and field measurements to

investigate the EMF exposure levels for multi-technology bases stations with the

following details:

Stage

First Stage

Second Stage

Third Stage

Fourth Stage

Main Input

Related
Works

Site Data
Measurement
Simulation
0SS Records

Site Data
Measurement
Simulation
QS5 Records

Site Data
Measurement
Simulation

Objective

Literature
Review

CD Formula
Enhancement

EMF Radiation
Reduction

Far Filed
EMF Analysis

Results

—»- EMF Standards
- EMF Assessment

- eCD Enhancement

- 555 Development

- Azimuth Model
- CD Enhancement
- QS55KPIs

- TER Assessment

Figure 1.1. Main stages of the research methodology.



First Stage: The Literature Review
- To collect topic literature information and related work data which content of the
recent published research and studies in international scientific libraries. Also, this
includes studying their research methodologies and analysing their obtained

results.

Second Stage: TER and CD Calculation Enhancement

- To use the computational approach (using the total exposure ratio equation) to
calculate the compliance distance for multi-technology.

- To develop (to enhance) the compliance distance equation by modifying the

formula to consider two factors (power reduction factor, and system load).

- To calculate the compliance distances for multi-technology base stations using the
enhanced equation for different types of sites (macro, micro, small cell, and

indoor-based solution).

Third Stage: Total Radiation Reduction

- To develop an enhanced technique to design the sectorization model of multi-
technology that de-concentrates the radiation in the main direction which reduce
the total radiation and resulting a shorter compliance distance.

- Toconduct field tests in real-life base stations to evaluate the proposed technique,

this should include the collection of field measurements.

- To conduct a computational simulation to evaluate the impact of the new design
technique on the site coverage and capacity.

Fourth Stage: EMF analysis At the Far-Field

- To calculate the radiation levels for multi-technology sites using the UM/RM
models to simulate and predict the signal strength, and power densities, and

convert it to TER for different setup scenarios and worst cases.

- To conduct field measurements to validate and fine-tune the prediction model to

reach optimum results and compare the measurement.

- To benchmark the results with the found related work results.



The following are the main tools will be used during the study:

1.7.

Narda SRM 3000 radiation meter tool will be used for in site to measure the power

densities based on measurement setup and for different site types.

TEMS (Test of Ericson for Mobile Station) will be sued to perform the road drive

tests to measure the signal strength levels for serving and overlapped technologies.

Huawei WINS cloud & Nokia A9955/Atoll simulation software will be used to
perform signal prediction for multi-technology layer (2G, 3G, 4G. and 5G).

MathWork MATLAB software be used to perform all data processing, modelling,

calculation, and generate graphs and charts.

Thesis Organization

The chapters and corresponding content of this thesis are arranged as follows.

CHAPTER 2: This chapter explores the topic of literature review and related
works published recently mainly in the past five years, it summarizes the related
studies and their findings results, it provides briefs about used methodologies, and

gives comments on their main contributions and gaps.

CHAPTER 3: This chapter discusses the theory of the EMF exposure ratio and

the compliance distance calculation for multi-technology base stations, it explains
in detail the devolved enhanced equation and proposed in this study to accurately
calculate the compliance distance considering more parameters and involving the
power reduction factor and system utilization load in the proposed formula. Also,
it discusses the compliance distance analysis for multi-technology multi-operator
site sharing, it presents the proposed simple formula that is driven to estimate the
compliance distance for site-sharing scale up. Additionally, this chapter presents
the proposed design technique (or model) for EMF exposure de-concertation as a
solution to minimize the total exposure ratio of the multi-technology base station
using the concept of weighted antenna’s azimuth to spread the total exposure

which reduces the compliance distance.



CHAPTER 4: This chapter is the most important part in this thesis, because it
includes the research contributions to the science. Its presents and discuss the
measurement and simulation results of the proposed enhanced formula for
calculating the compliance distance, and also explained the validation results of
the formula. Also, this chapter presents the results of the driven equation for site
sharing scall up. Further, this section disuses the measurement and results of the
proposed de-concertation solution to reduce the total exposure ratio and
compliance distance. At last, the chapter provides delated analysis for EMF
exposure analysis at the far filed for multi-technology mobile base stations, it
explains the methodology applied in the analysis including the simulation and
field measurement, and presents the finding results of the total accumulated

exposure and the contribution of each technology.

CHAPTER 5: This chapter provided summaries of the thesis’s conclusion along

with some recommendations for potential further studies.



Chapter Two: Literature Review

2.1. lonizing and Non-lonizing Radiation.

Radiation is the emission or transmission of energy in a straight line, similar to a "ray" in
geometry, this line propagates outward from the source in all directions when it passes
through space or a substance, the term "radiation” can also apply to the energy that is
released. Radiation comes in a variety of forms, including thermal, acoustic,
electromagnetic, and particle radiation from radioactive sources, such as beta or alpha
radiation [4,5,6, and 132], there are two forms of radiation, lionizing and Non-lonizing
radiation.

2.1.1. lonizing radiation

lonizing radiation is a form of electromagnetic radiation or particle radiation that has
sufficient energy to ionize atoms and molecules by dislodging tightly bound electrons.
This ionization process alters the structure of atoms, leading to potential chemical and
biological effects. lonizing radiation carries high energy, typically greater than 10 eV
(electron volts). This high energy is necessary to overcome the binding energy of
electrons in atoms. When ionizing radiation passes through matter, it transfers energy to
the atoms and molecules it encounters. This energy can knock electrons out of their orbits,
creating ions—charged particles. lonizing radiation is widely used in various fields,
including medicine, industry, and scientific research, but requires careful handling and
safety protocols to mitigate health risks. As shown in Figure 2.1, the lonizing As

examples, includes radiation emitted from:

- Alpha Particles.

- Beta Particles.

- Gamma Rays (y):
- X-Rays.

- Neutrons.



2.1.2. Non-lonizing radiation

Non-ionizing radiation is a type of electromagnetic radiation that does not carry enough
energy to ionize atoms or molecules by completely removing electrons from them. Unlike
ionizing radiation (such as X-rays and gamma rays), which has high energy and can
potentially damage biological tissues and DNA, non-ionizing radiation has lower energy

and is generally less harmful. Non-ionizing radiation includes:

- Radio waves: Used for communication, such as in radio, television, and cell
phones.

- Microwaves: Used in microwave ovens and some communication technologies.

- Infrared (IR) radiation: Experienced as heat and used in things like remote
controls and thermal imaging.

- Visible light: The light we can see, ranging from red to violet.

- Ultraviolet (UV) light: Beyond visible light, but not energetic enough to ionize
atoms in most situations. It can cause sunburn and skin damage over prolonged

exposure.

In general, non-ionizing radiation is considered less harmful than ionizing radiation, but
it's still important to be mindful of exposure, especially in the case of intense or prolonged
exposure. For example, excessive UV light can damage skin cells and increase the risk of

skin cancer.

Non-lonizing lonizing

SAFE AND BENEFICIAL ALMOST SAFE, DANGER SAFE AND BENEFICIAL EXTREMELY
IN APPROPRIATE DOSAGE* LOW DANGER IN APPROPRIATE DOSAGE* HARMFUL

OWO@RRARCFTThPoc&SNY

ELF VLF LF RADIOFREQUENCES MICROWAVES INFRA-RED VISIBLE ULTRAVIOLET X-RAY GAMMA RAYS

FREQUENCY 50 Hz 1MHz  SOOMHz , 1GHz 10GHz = 30GHz K, 600THz 3 PHz  300PHz 30 EHz
6 I8 15 (o R O 0 e g
WAVELENGHT 6000 km 300 m 60 cm 30 cm 3cm 10mm 500 mm 100 nm 1nm 10 pm

Figure 2.1. lonizing and Non-lonizing radiation on the spectrum range.



2.2,

EMF Exposure Standrads

2.2.1. Common Adopted Standards

Radio resources emit EMF energy which is classified as Non-lonizing radiation [4-6], and

based on intensive researches conducted over last decades, EMF exposure standards has

been set with safety controls on the level of EMF energy that can be absorbed by human

bodies, the objective of exposure standards is to set the maximum amount of radio

frequency energy level know as Specific Absorption Rate (SAR) measured in watt per

kilogram that can be securely absorbed by human bodies. The standards and guidelines

are designed to protect public health by limiting exposure to electromagnetic radiation.

Several organizations and agencies have established guidelines for EMF exposure. Here

are some of the most commonly referenced standards [43]:

1.

International Commission on Non-lonizing Radiation Protection (ICNIRP):
ICNIRP provides guidelines on limiting exposure to non-ionizing radiation, their
guidelines cover a range of frequencies and are widely used internationally, and
they focus on limiting exposure through set of reference limits and total exposure

ratio for both occupational workers and general public.

Institute of Electrical and Electronics Engineers (IEEE): The IEEE publishes
standards related to electromagnetic compatibility (EMC) and safety, their
standards are often referenced in various industries, particularly for ensuring safe

electromagnetic exposure in occupational settings.

National Council on Radiation Protection and Measurements (NCRP): The
NCRP provides recommendations for radiation protection and safety, including
non-ionizing radiation, and their guidelines are used primarily in the United
States.

World Health Organization (WHO): The WHO provides information and
guidelines on health risks associated with EMF, while it does not set specific

exposure limits, it offers guidance based on the assessment of scientific evidence.

Federal Communications Commission (FCC): In the United States, the FCC
regulates exposure limits for radiofrequency radiation, particularly in relation to

telecommunications equipment.
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6.

European Union (EU) Standards: The EU has established limits for EMF
exposure through directives such as the European Council Recommendation
1999/519/EC, which provides guidelines on limiting the exposure of the general

public to electromagnetic fields.

Canadian Guidelines: Health Canada provides guidelines for EMF exposure in
Canada, based on recommendations from organizations like ICNIRP and research

on potential health effects.

Despite differences in scope and specific recommendations of above various standards,
they share the following several common features:

1.

Exposure Limits: All standards set maximum exposure limits to ensure that
electromagnetic fields (EMFs) do not exceed levels that could potentially cause
harm. These limits are defined for different types of EMF, including

radiofrequency, microwave, and magnetic fields.

Frequency-Specific Guidelines: Guidelines typically provide exposure limits for
specific frequency ranges. For instance, ICNIRP and IEEE guidelines address
different frequency bands, with specific limits for radiofrequency radiation (e.g.,
mobile phones) and lower-frequency magnetic fields (e.g., power lines).

Safety Margins: Standards often incorporate safety margins, setting exposure
limits well below levels where health effects have been observed. This approach

is intended to account for uncertainties and variations in individual susceptibility.

Health Effect Considerations: Guidelines are based on scientific research into
the potential health effects of EMFs, including both acute and chronic exposure.
This includes examining evidence on thermal effects (e.g., heating of tissues) and

non-thermal effects.

Public and Occupational Exposure: Many guidelines distinguish between limits
for public (general population) and occupational (workers) exposure, with stricter
limits for the general public to account for the lack of control over exposure

conditions.

Monitoring and Compliance: Standards often include recommendations for

monitoring and measuring EMF levels to ensure compliance with exposure limits.

12



This is important for both regulatory enforcement and ensuring safety in

environments where EMFs are present.

7. Periodic Review: Standards and guidelines are regularly reviewed and updated
based on new scientific research and technological developments. This ensures

that they reflect the current understanding of potential health risks.

8. Precautionary Principle: While standards are based on existing scientific
evidence, many guidelines incorporate a precautionary approach, especially in the
face of scientific uncertainty. This means adopting protective measures even if the

evidence is not conclusive.

This research considers only the ICNIP and FCC when it’s required to referrer to exposure
limits, because the ICNIRP and FCC are the most common adopted standards in many

countries [43].

2.2.2. ICNIRP Standard

The ICNIRP was published in 1998 [22], and the most recent revision was revised in 2020
[4], guidelines for limiting exposure to protect humans exposed to EMF for frequency
range between 100 kHz to 300 GH, the guidelines defines exposure limits for two of
exposed persons, the occupational person who is exposed to controlled conditions related
with his work, he supposed to be trained and aware of the risks of EMF. The general public
is normal people who are not aware exposure to EMF radiation, by definition general
population has more restricted limits as they are trained to avoid harm of radiation. The
ICNIPR defines exposure limits as reference level based on baseline quantities driven form
direct relation to adverse health effects caused by electromagnetic radiation. Table 2.1 and
figures 2.2/2.3 show the reference levels of ICNIRP for both occupational and general
public, and the radiation is considered to comply with guidance limits if shown to be below

reference level.
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Table 2.1. ICNIRP Exposure Limits for Frequency Range from 0.1 to 300 GHz.

Exposure Frequency E-field H-field Pow_er
Scenario Range (V/m) (A/m) Density
(W/m?)
0.1-30 MHz 660/f1"’ 4.9/fu NA
) >30-400 MHz 61 0.16 10
Occupational
>400-2000 MHz 3fy"° 0.008f;,** fu /40
>2-300 GHz NA NA 50
0.1-30 MHz 300/f,"7 2.2/fu NA
) >30-400 MHz 27.7 0.073 2
General Public
>400-2000 MHz 1.375£,°° 0.0037f,°° fu /200
>2-300 GHz NA NA 10
Occupational
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Figure 2.2. ICNIRP exposure limits for occupational frequency range from 0.1 to 300 GHz.
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Figure 2.3. ICNIRP exposure limits for general public frequency range from 0.1 to 300 GHz.

In case of instantaneous exposure from different frequencies, ICNIRP states to find
whether these exposures are additive in final accumulated effects, in this case, each

frequency should be inspected separately against relative limits.

2.2.3. FCC Standard

The FCC exposure guidelines “Evaluating Compliance with FCC Guidelines for Human
Exposure to Radiofrequency Electromagnetic Fields” is adopted in 1996 and amended in
1997 [6], The FCC defines exposure limits as Maximum Permissible Exposure (MPE)
which are normally grounded on and based on guidelines and recommendations issued by
the National Council on Radiation Protection and Measurements (NCRP) in the frequency
ranges from 100 MHz to 1500 MHz. The FCC guidelines incorporate MPE limits in terms
of electromagnetic power density and field level for those operating transmitters sources
at frequency range between 300 kHz and 100 GHz. As with ICNIRP, the FCC guidance
differentiates and defines two limits, the occupational (controlled) and general

(uncontrolled) exposure limits of the population.

Occupational exposure defines max limits apply to conditions in which persons are
exposed to EMF due to their work duties and they are made aware or informed of the

15



potential risk of radiation exposure and can apply control over their conditions, and general
population exposure defines limits apply to conditions in which the general. The public
may be being exposed to radiation but are not being fully informed or aware of the
potential risk due to this exposure or can’t apply control over to avoid this exposure,
consequently its always considered the general public under these cases they are not
related to work employment. Table 2.2 shows the FCC MPE limits for both occupational
and general population exposure.

Table 2.2. FCC Maximum Permissible Exposure Levels.

Exposure Frequency E-filed H-field Power Density
Scenario Range (MHz) (V/m) (A/m) (mWi/cm?)
0.3-0.3 614 1.63 100
3.0-30 1842/f 4.89/f 900/
Occupational 30-300 61.4 0.163 1.0
300-1500 - - /300
1,500-100,000 - - 5.0
0.3-1.34 614 1.63 100
1.34-30 824/f 2.19/f 180/f2
General Public 30-300 275 0.073 0.2
300-1500 - - /1500
1,500-100,000 - - 1.0

1,000.0

=—@=—Cccupational/Controlled Exposure

= & =General Fopulation/Unconirolled Exposure

100 100 100
100.0 L

10.0
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1
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Figure 2.4. FCC limits of maximum permissible exposure for occupational workers and general
public.
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2.3. Exposure Level Assessment:

Complying with the standards limits for electromagnetic field exposure involves several
challenges, which can be technical, regulatory, and societal. Here are some of the key

challenges:

- Complex Measurement and Monitoring: The variability in EMF sources, such as
mobile phone base stations, Wi-Fi routers, and power lines, emit varying levels of
radiation depending on their operation, and monitoring these sources accurately
requires sophisticated equipment and methods. Also, the EMF levels can be
influenced by environmental factors like building materials, geography, and

atmospheric conditions, making consistent measurement difficult.

- Technological Advancements: The rapid development of new technologies, like
5G networks, introduces new sources of EMF that may not have been fully
considered when the standard guidelines were established, ensuring compliance
with these evolving technologies is challenging. Additionally, with the increasing
density of EMF-emitting devices, assessing the cumulative exposure from

multiple sources can be complex.

- Regulatory and Policy Issues: Different countries and regions may interpret and
implement the standard guidelines differently. Harmonizing these regulations
while considering local needs and concerns can be difficult. Also, the
governments must balance enforcing ICNIRP limits with other public health
concerns, technological progress, and economic development, which may lead to

tensions or compromises.

- Public Perception and Acceptance: Despite scientific consensus on the safety of
ICNIRP limits, public concern about potential health effects persists, addressing
these concerns while ensuring compliance with the limits can be challenging.
Also, there is widespread misinformation regarding EMF exposure and its health

effects, which can influence public perception and complicate compliance efforts.
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- Cost and Infrastructure: Implementing measures to ensure compliance, such as
shielding, redesigning infrastructure, or retrofitting existing systems, can be
costly. Note that, monitoring and maintaining compliance with ICNIRP limits
requires significant resources, including skilled personnel and advanced

equipment.

- Interdisciplinary Coordination: Ensuring compliance often requires coordination
between various stakeholders, including telecommunication companies, health

agencies, and environmental bodies, which can be logistically challenging.

Addressing these challenges requires a coordinated effort involving technological
innovation, effective regulation, public communication, and ongoing research into the

effects of EMF exposure.

Due to the importance of this topic, huge number of studies are carried, and more are
ongoing, we found many results published in international organizations related to this
topic, the authors investigated the topic from several angles and from different point of
views, however all have common ground to investigate the EMF exposure assessment. In
this section, we reviewed some cases recently published and we presented here their work
methodologies, findings, and results, and we selected those studies to present two
categories, the calculation (predication) based assessment, and measurement-based

assessment.
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2.3.1. Calculation-Based Assessments
The calculation-based assessment involves estimating the levels of EMF exposure using

mathematical models and calculations rather than direct measurements, this approach is

particularly useful in scenarios where direct measurement is impractical or when

assessing potential exposure in complex environments, here’s what it entails:

Calculation-based assessments start by modelling the EMF sources, this includes
identifying the types of sources (e.g., antennas, power lines), their configurations,
and their operational characteristics, the model will take into account factors such

as frequency, power output, and emission patterns.

The model incorporates environmental factors that affect EMF propagation, such
as the distance from the source, obstacles (e.g., buildings), terrain, and
atmospheric conditions, and these factors influence how EMF waves travel and

interact with the environment.

Using the data from the EMF sources and environmental factors, calculations are
performed to estimate the electromagnetic field strength at specific locations, this
might involve complex algorithms and simulation software to account for various

influences and interactions.

The calculated exposure levels are then compared with established safety
guidelines or limits, such as those provided by ICNIRP or local regulations, to

determine whether the exposure is within acceptable limits.

In many cases, calculated estimates are validated by direct measurements to
ensure accuracy, this step is crucial to confirm that the models and calculations

align with real-world conditions.

The calculation-based assessments have specific advantages such as they can be
faster and more cost-effective than performing extensive direct measurements,
especially in large or complex areas. Also, they allow for the assessment of
potential exposure in new or modified environments before actual
implementation, and useful for assessing scenarios where direct measurements are
difficult or impossible, such as underground installations or high-altitude

antennas.

The calculation-based assessments have some limitations, the accuracy of the

assessment depends on the quality of the model and the assumptions made.
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Incorrect assumptions or incomplete data can lead to inaccurate results. Also,
creating accurate models requires a good understanding of EMF propagation

principles and access to detailed information about the sources and environment.

In summary, calculation-based assessments provide a useful alternative to direct
measurements, particularly for planning and evaluating EMF exposure in various
scenarios. However, they must be carefully executed and validated to ensure they provide
reliable and accurate results. The next paragraphs summarize some recent related work

found during the literature review and all are conducted as calculation-based assessments.

In [23], the authors presented an assessment model for calculating the EMF exposure from
5G BS considering time averaged practically emitted power, this model relays on
numerical methodology and assume conservative EMF exposure calculations, the authors
claim it is not practically to use the max equipment’s power as it is not the real case,
therefore the model considers amount of exposure radiation from downlinks which
matches with exposure evaluation. This model is presented to calculate the power
contribution fraction, the statistically conservative fraction anticipation for contribution of
the total TX power to the exposure in the beam direction of broadside can be calculated
by Equation (2.1):

Nconv

E(P(p)) = Z i_?FTDD- [kss () + kap;(n)6ap; + ks, ()85, ] (1 — p)p™ (2.1)
n=1

Where p is 5G system utilization, T; is scheduling time total average per user (for n users)
during EMF averaging time T, Fypp is fractional downlink transmission time form total
time (in this work, author used Frpp=0.75), kgp is users served by broadside beam, k,p,
is users served by adjacent beam waited by factor §,p; (author used 64p; = 0.1 in this
model), kg; is users served by beams outside broadside and adjacent beam waited by
factor &, (author used 85, = 0.045 in this model).
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The authors, investigated their model accuracy at the far field by calculating the
compliance distance considering 8x8 MIMO array, Figure 2.5 summaries the results

which shows the actual compliance distances is shorter in the far field.
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Figure 2.5. The far filed and from compliance distance for 8x8 MIMO array.

The authors evaluated the model for some expected user distribution scenarios (UDS), for
different examined scenarios, the results shows that anticipation of statistically
conservative fraction to EMF exposure is lower than theoretical max-power values, the
max value for a large system utilization in case of users’ density is weighted by a cosine
function in direction and no elevation scanning is used, the values is about 22% of
theoretical max-value, for scenario where user’s density is distributed uniformly in
direction and no elevation scanning is used, the result shows realistic maximum power
value was 15% of the theoretical max-value using system utilization of 94%, for all the
examined scenarios, the calculated max-power was lower than the max-theoretical values,

even for using large system utilization, the maximum values was between 7% - 22%.

In [14], the authors presented a complete EMF signal level distribution in real public

transportation tram car of Bilbao in Spain, they conducted simulation and measurements
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and used it to assess the exposure levels inside the tram, where signal sources (sideways

the tram-ways) come from Mobile BSs providing 2G, 3G, 4G, or 5G.

The author referred to [10] and [14] that radiation for 18 public transport cars in different
areas showed uplink connections is not relevant for outdoor. In simulation, the author used
simplified human body model that matches low density cases, this to evaluate the effect
of inside user density over the electric signal distribution inside the car, specifically the
authors considered 101 passengers for high-density scenario and 33 for low density,
accordingly the 2G/ 3G/4G/5G level is analysed. The authors use below formal of
Equation (2.2) to calculate the E-field exposure level per location from the measurement

received power considering the antenna factor:

E = Pp — Pyain + Leapie + AF (2.2)

Where E is the E-field level in VV/m, P! is the received power in dBm, P!"#$ is the

preamplifier gain, and AF is the antenna factor of the receiving antenna.
The authors used Geometrical Optics (GO) approach and the Uniform Theory of

Diffraction (UTD) which electric field E created by GO and the diffracted electric field
created by UTD are calculated by Equations (2.3) and (2.4):

PyqaDePng e /5"
Ego = ’ - To — XL (2.3)

—jks
e ] 1 Sl

EUTD = €p e_jksz (24)

D
S1 S2(s1+52)

where Praq is the radiated power of the transmitter antenna, Dy is the directivity, X and L
are the polarization ratio and path loss coefficients for each polarization, r the distance in
the free, s1 2 are the distances from the source to the edge and from the edge to the
receiver point.

The highest E levels are measured for the high-density cases and around 1V/m at all

frequencies are considered, and vice-versa for all analysed frequencies the E average
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values are higher for low density cases because impacted area is smaller than the remote
area when considered whole vehicle volume. The results show 0.2 VV/m approximately as
the median for E field, the concluded results for both simulations and measurement show
the signal radiation level is far below compare to the international standard of ICNIRP
with 1-2% of the limits. Fig. 23 shows the comparison between the simulation and
measurement results as a function of location within the tram wagon car. Analyzing the

obtained graph, good agreement is achieved between simulation and experimental
measurements, with a mean error of 0.019 V/m.

5
—@&— Measurement
—4A— Simulation
4
—_ -
E i { -
- [}
3 v 41‘1
= 21N P
2 \5 I
1 \. 1
L 1
2 \ I:K\\ L
w Ve e *&.\
v '@ ~h,
T Vo R ’/t/ L_XN
k’” 7 “ / 4]
A:‘ S
0,0 T T T T T T T T
2 4 6 8 10 12 14 16

Measurement Locations

Figure 2.6. Comparison between simulation and measurement results within the tram.
E-field results exhibit slight variations depending on the frequency under analysis, but

the maximum E-field levels are obtained for the high-density cases, at all frequencies
considered as shown in Figure 2.7
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Figure 2.7. Comparison of E-field average exposure for the different systems

In [11], the authors assessed the EMF compliance for 5G through computational method
relays on assumption that 5G is not intended to transmit at max equipment power with
exception for short periods of times, in their assessment they referred to [17] to use
averaged transmitted power significantly lower than max equipment power which leads to
overly conservative exposure levels and compliance boundaries that calculated using
Equation (2.5).

Prvg - Go g

S = 2.5)

4.1.12

Where S is power density, r is from the antenna to the point of calculation, Pay is average

transmitted power, G is antenna gain at the direction of r.
The authors used the data input in Table 2.3 for their assessment of 5G rooftop site and

they considered the whole transmitted power will be consumed in the beam’s traffics,

which means no consumption in power for control channels and related signaling.
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Table 2.3. Data Inputs for The Assessed 5G Base Station.

Data Input

Value

Technology base station

5G NR BS

Frequency band

3400 MHz to 3600 MHz

Antenna configuration

(8x8) array, x-polarized, 128 elements
64(2x1) sub arrays (32/polarization)

Tx/Rx configuration 64T / 64R
Maximum gain 23.7 dBi
Horizontal beam-width +60°
Vertical beam-width +20°
Down-tilt 30

TDD cycle 75%
Maximum TX Power 200 W
Maximum EIRP 73.7 dBm

The result shows for assessing 5G NR massive Multi Input Multi Output (mMIMO) at 50-
watt max power for rooftop site to the occupational and the general public, the radiation
compliance distance Infront of the antenna for general public is 9.6 meters, this assuming
accessible areas and adjacent buildings at distances for public general is larger than
calculated compliance distance. Also, the result shows for public general at vertical

distance the minimum boundary is 2.8 meters, and is 4.2 meters for occupational workers,

which means the radiation is below the limits is both zones are accessible.

Additionally, the results shows that cumulative distribution function value of different

factors for rural and urban areas as shown in Figure 2.8.
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Figure 2.8. Cumulative distribute functions of the power reduction factor for rural and urban.

In [19], the authors conducted filed experimental analysis for verifying the reliability of
the extrapolation techniques in overestimating the actual EMF due to LTE systems (Long
Term Evaluation) compares to exposure limits, the measurements for two LTE layers at
800 MHz and 1800 MHz of two different operators are collected for a whole week period
and analysed for overestimation synthetic indexes; the author used the extrapolation
technique for maximal LTE exposure estimation which has been published in [15] and

expressed by Equation (2.6)

Emax =/ NeecuEpsch (2.6)

Where Emax is maximum cell power, Epgch is signal channel power, and NpscH is scalling
facto. The results have shown the overestimation probability index is 0.81 to 0.99, and as

example Figure 2.1 shows the measured signal of LTE 1800 MHz for one operator.
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Figure 2.9. Real signal for one Operator for band 1800 MHz.

In [25], the authors provided assessment of the EMF exposure form 5G fixed small cell
site compare to other 5G sources, they referred to [8, 20, 21, 26] that new 5G technology
systems designed to use frequencies at higher bands than used by earlier mobile
generations systems, and EMF radiation from small cells expected to has small exposure
to general public as it uses small TX power which cause small energy absorption by human
bodies although considering frequencies at higher bands, and in future this decreases may
be balance to some degree the massive deployment of small cells compared to current
3G/4G solutions.

In this study, the author evaluated radiation exposures from a 60-watt base station 5G site
at frequency 39 GHz installed on a 25 feet pole above ground level, this is typically one-
use case for 5G solution deployment as wireless technology and of course other uses may
have different scenarios and setup details. Figure 2.2 shows the radiation exposures at
different distances from the site which are shown as percent of the maximum limits of
FCC permissible exposure on receiving power density of the general public (1
mWatt/cm2).
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Figure 2.10. Signal level calculated from 5G small cell.

The calculation shows the exposures are very low from this 5G small site cell and
decreases rapidly with increase of distance from the cell, and the received signals level
from the small cell is measured from inside buildings would be even more smaller, at 50f
the calculated radiation level is 0.7% compare to FCC’s max limits in the direction facing
the antenna, and the exposure is lower at farther distances, and at 150f it becoming smaller

than 0.1% and it goes to very small level at 500 feet.

The authors of [20] studied how exposure limits acts as constraints for deploying 5G, they
built their work by investigating EMF emissions from pre-5G systems, they referred to
measurement done in Serbia [21] which shows 2G and 3G level exceed the limits in 15.6%,
also they refereed to similar studies that states currently there is significant level from
existing deployed pre 5G networks, the author’s stated deploying of 5G sites may be

challenging in urban areas because of exposure levels saturation.

In [9], compared the calculated the compliance boundary with measurements using
multiple probe sensors. The authors carried measurements of a massive MIMO operating
ina 4G LTE TDD (Time Division Duplexing), the probes were placed in the form of the
mMIMO transmitter, and they compared the results with conservative simulations
considering the same places. Considering 100% BS system load, the results show the peak
recorded measurement of the electromagnetic file was 07.3% to 16.1% compare to limits
of ICNIRP occupational reference level, and found the calculated figures show 79.3% at
2.3 GHz with TDD ratio 0.75, and compare to the computed values the field measurements
represent the far field decrease in the occupational radiation compliance edges between
02.2 and 03.3 times.
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In the research study [133], the authors used new statistical model to calculate the real
EMF radiated exposure by mMIMo antenna based on average transmitted power over 24-

hour period, Equation (2.7) expresses the used model as below:
Sstat = Su(bmax-Nmax + badj-Nadj + both-Noth) (2-7)

Where Sstat IS the statistical power density, Su is conservative power density, b is the beam

factors, and N is number of users.

The results shown that the average transmitted power over 24 hours from base stations is
approximately the 20% of the maximum transmitted power, and the power density at 20
m evaluation with an antenna Gain of 15 dBi is in compliance with the standard limits for

all possible transmitted power as shown in Figure 2.10.
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Figure 2.11. Statistical model for mMIMO.

In the research study [164], the authors proposed a calculation-based assessment
technique for the spatial-average power density. This proposed technique combines
standard near field measurements with the equivalent current method (EQC). The local power
density is computed from a direct application of near field transformation from the
equivalent currents.
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The authors used Equation 2.8 to calculate the spatial-average power density sPD over
an area A as expressed below:

1
= — CHI. 2.8
sPD ZAL Re[E.H].dA (2.8)

Ther authors considered that the peak spatial-average power density (psPD) is defined as

the maximum of sPD for all areas at a distance d can be calculated using Equation (2.9):

1
psPD(d) = Maxyy areas at d {ﬂf RelE. H].dA} (2.9
A

The comparison of measurement and simulation for the normal component of psPD is
shown in Figure 2.1, the blue and green traces are psPD for 1 cm? averaging area for
measurements and simulations, respectively. The red and black traces are the psPD for 4
cm? averaging area for measurements and simulations, respectively. Spatial-average
power density results from measured and simulated data shows good accuracy and
applicability of the proposed method. The maximum deviation for peak spatial-average

power density between measurements and simulations is 0.24dB for both averaging areas.
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Figure 2.12. psPD comparison between Measured and Simulated data.
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In [150], researchers from Ericsson proposed an average power feedback controller that
mathematically guarantees that the average power transmitted over a specified time
window by a single radio base station stays below a determined value defining the
exclusion zone. The developed average power controller uses a combination of
controllers to regulate the rate of change of a momentary fractional frequency resource
limit in the scheduler. This restricts the momentary total transmit power since the transmit

power is proportional to the scheduled frequency resources.

The proposed power control includes combination of proportional-differentiating control
(PDC) and low complexity variant of model predictive control (MPC). The PDC
controller provides smooth average power regulation during normal operating conditions
such as for regular traffic, while the MPC acts as a safety net that guarantees that the
selected average power threshold cannot be exceeded at any given time for any traffc
type. This enables further reductions of the exclusion zone and/or reduces the inevitable
throughput impact that follows from the use of an average power threshold, selected

below the maximum power of the radio base station.

The authors use below Equation (2.10) to calculate the total power Pi as:

Pmax + PmaxTD C

1
52 (7 + PuaxToC ) + PnaxC

ref

Pyot (2.10)

Pior =

Where Pmax Is the maximum power, C is proportional gain, Tp is the differentiation
time, and P is the control reference power.

Figure 2.13 shows the measured power density with the power control feature inactive
and active. The green dashed line represents 0.84 W/m? which corresponds to 25 % of
the power density at peak power, and the dashed black line represents 0.78 W/m? which
is the maximum time-averaged power density measured with the power control feature

activated.
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Figure 2.13. The power density with the power control feature inactive and active.
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2.3.2. Measurement-Based Assessments

The measurement-based assessments for electromagnetic field exposure involves directly
measuring the actual levels of electromagnetic fields in an environment rather than
estimating them through calculations or models, this method provides real-world data on
EMF exposure and is often used to ensure compliance with safety standards or guidelines,

here’s a detailed look at what it entails:

- Specialized measurement equipment and instruments are used to measure the
strength and characteristics of electromagnetic fields, these include field
meters and devices that measure the electric and magnetic field strengths, the
spectrum analyzer tools used to assess the frequency and intensity of EMF
across a range of frequencies, and the Dosimeter instruments that can measure

accumulated exposure over time.

- The measurement-based assessments require to follow specifics measurement
procedures include site assessment where the area of interest is surveyed to
identify potential sources of EMF and determine the locations where
measurements will be taken, data collection are taken at various points and
heights to capture the spatial distribution of EMF for both indoors and
outdoors, if applicable, and measurement should cover a range of frequencies,
depending on the sources being assessed (e.g., radio, microwave, or power

frequencies).

- The measurement-based assessments require analysis the collected data to
determine the field strength and compare it with established safety limits, and
evaluating how the measured EMF levels translate into potential exposure for

people in the area.

- As advantage, the measurement-based assessments provide provides direct
real-world measurements of EMF levels, which can offer a more accurate
assessment of actual exposure compared to theoretical calculations. And,
allows for the identification of specific sources and patterns of EMF exposure,

which can be useful for addressing concerns or making improvements.
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- measurement-based assessments have some limitation such as be time-
consuming and costly, requiring specialized equipment and trained personnel.
Also, it provides data for specific points in time, and exposure levels may
vary due to changes in equipment operation or environmental conditions. In
large or complex environments, it may be impractical to measure every

possible exposure scenario, potentially leading to incomplete assessments.

In summary, measurement-based assessments provide concrete data on EMF exposure by
directly measuring field strengths in the environment. This method is crucial for
accurately assessing exposure and ensuring compliance with safety standards but requires
careful planning and resources. The next paragraphs summarize some recent related work
found during the literature review and all are conducted as measurement-based

assessments.

In [18], the authors measured and investigated exposure levels at School in Spain, they
conducted measurement in selected places around and inside the school building, Table
2.4 shows the downlink measured exposure level from mobile bands of GSM, UMTS, and
DCS (Digital Cellular System).

Table 2.4. Personal Exposure Level from Mobile Phone.

Personal Exposure (uW /m?)

. Frequency
Mobile Bands (MH2) Weekend Week
GSM DL 925-960 89.9 300
DCS DL 1805-1880 63.4 96.2
UMTS DL 2110-2170 99.2 214

The results show the highest value during weekend was 99.2 pW/m? from 3G Downlink,
and during the week was 300 pW/m? from 2G downlink, this is mainly due to the usage

of handset and connections is more during week compare to weekend.
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In [13], the author assessed the EMF exposure for frequencies 75 MHz to 3 GHz through
indoor measurement, and compared the results to standard limits, the measurement
covered the entire corporate building including various floors and offices. The authors
mounted the measuring devices (isotropic probes) at different three heights
1.1m/1.5m/1.7m and all were above the floor level, and the time averaged is recorded for
the signal level at every 2 minutes period with 6 minutes total for each height. Then, the E
filed level is processed using the spatially average for each height matching to the
measurement. Using Equation (2.11) they calculated the Total Exposure Ratio considering

the total radiation level from different sources at each measured location.

300 MHz £\

TER = Z < l ) <1, f=100kHz 2.11)
. Elim,i
i>75 MHz

where Ej;,, ; is the exposure limit for the | sub band, according to the radiation regulation,
and according to ICNIRP guidelines, if the TER is below 1 then the total radiation level
is below the limits, and if the TER is above 1 then the total radiation level is above the
limits. The results show that total the EMF signal was between 0.29V/m and 0.75 V/m,
and TER was 0.000335 + 0.000141 which clearly comes below the adopted Greek limits.
The result found radiation for indoor is strongly related to the level of the floor, this
because of the penetration and diffraction. The mobile network and broadcast radiation
found more than 57 percent of the total radiation level, and it’s found to be more (reached
80 percent) at higher floors, In the areas of the indoor offices found has radiation level

lower than limits.

In [16], the authors assessed the EMF exposure through filed measurements for frequency
between 4 MHz to 6 MHz and compared the measured values with standard limits, the
measurements were conducted in 4 different locations in educational institute in India
where there are 3 BTS towers (Base Transceiver Station) and several WiFi hotspots
(Wireless Fidelity) in the institute buildings. The results show the highest values are
recorded respectively for 4G TDD, 2G 900, WLAN (Wireless Local Area Networks), and
GSMR bands, the highest radiation exposure values are 547.8 mV/m, 1471 pA/m and
811.2 uW/m2 for 4G TDD at location L1, and the measured radiation at all 4 locations
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found far lower compare to standard limits, Table 2.5 shows the highest measurement as

ratio compare to ICNIRP limits for different locations.

Table 2.5. Ratios of the Measurement Compare To ICNIRP.

EMR
(Max)

Ratio (Measured / ICNIRP)

L1 L2 L3 L4
(LTE-TD)  (GSM900) (WLAN)  (GSMR)

Eqpg (mV /m) 0.0089803 0.0092324 0.0022869 0.0021087

Hgpg (WA/m) 0.0091937 0.0085036 0.0022594 0.0020881

Savg (W /m) 0.0000811 0.0000702 0.0000049 0.000044

In [12], the authors assessed the EMF exposure through measurement form 5G uplink

signal at frequency 3.5 GHz for three operators in Seoul city in South Korea, the measured

traffics were obtained for period over approximately 270 hours, Figure 2.12 shows the RX

power in dBm, and Table 2.6 shows the summary of measured mean liner RX power and

the mean power density for the three operators.
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Figure 2.14. Measured RX power of the three operators.
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Table 2.6. The Measured Mean Rx Power and Power Density.

Operator Mean Rx Power (nW) Mean PD pW/m?
Oa 20.55 19.12
Os 134.03 117.92
Oc 640.32 535.16

The results show the mean power density is lower than standard limits, and the authors
concluded at the EMF level at receiver could be the level for human near an active
handset, and it was no way to quantify the amount of exposure level contributed by only
the traffic beam, and the total mean power density owing to the traffic beam, SSB beams,

and transmitted power of the UE for each operator was less than 1 mW/m?,

In the research study [159], the authors investigated the RF-EMF exposure for 5G bases-
station with MIMO antenna through measurements. The study elaborated on how to take
the measurement, sort, extract, and calculate the data, besides the effect of time duration
on the amount of exposure. Various antenna directions, and using UE devices on six
different test’s location were uses in the experimental measurement. For all the tests, the
distance between the 5G base station and the receiver was the same, and the locations
were chosen based on getting the maximum power. The investigation was based on a
code selective method due to the radiated power fluctuations over time with data traffic.
The results shows that the maximum exposure from the base station is found to be 5.71
V/m, and the highest amount of average exposure is 2.02V/m.

The authors provide interesting details about the relation between the exposure and the
UE applications during the measurements condensing various time duration as shows in
Figure 2.15 and Figure 2.16.
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Figure 2.16. The maximum measured exposure level for various duration.
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Chapter Three: Theory and Proposed Solutions

3.1. Total Exposure Ratio and Compliance Distance

3.1.1. Total Exposure Ratio for Multi-Technology

Based on massive biological studies, the ICNIRP has defined basic restrictions in terms
of the specific absorption rate (SAR) to protect humans from RF adverse health effects.

Because the ICNIRP is the most adopted standard in many countries [43], especially in
Europe and the Middle East, in this study, the general public limits are used as a reference
for total exposure levels. From the basic restrictions, a set of reference limits is defined
by ICNIRP to translate the radiation restrictions into figures that can be practically
measured and applied. In addition, ICNIRP has a defined limit for accumulative exposure
of different sources instantaneously radiating, and the total exposure ratio (TER) should

be accumulated according to Equation (3.1):

30 MHz

2 2
TER = Z < Einc,f ) +< Hinc,f )
f=100 kHz Einc,RL,f Hinc,RL,f
2 GHz 2 5
+ Z MAX < 1nc,f> ’< lnc,f> ,< mc,f) 3.1)
£>30 MHz EinC'RL'f HinCrRL,f Sinc,RL,f
300 GHz

S
+ Z < inc,f > <1
f>2 GHz Sinc,RL,f

where Ej, ¢ incident E-field, H,,.; incident H-field, and S;;,. ¢ incident power density at
frequency f. And, Eiycrf Hincref @nd Sincre g are incident reference levels of F-field,

H-field, and power density at frequency f.

The Einc and Hinc terms have approximately the same ratio to Sinc outside the reactive
antennas. Therefore, Equation (3.1) is modified to Equation (3.2), which means the TER
depends on power density Sinc. Accordingly, below Equation (3.2) has been used for all
TER calculations.
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300 GHz

S.
TER = Z <S incf > <1 (3.2)
f>30MHz V" PORLE

3.1.2. Compliance Distance for Multi-Technology

Both standards, the ICNIRP [5], and FCC [6], has defined the compliance distance (CD)
or compliance boundaries form EMF exposure source is the minimum distance required
to ensure that the levels of EMF exposure are within the safety limits and doesn’t exceed
maximum permitted power density set by regulatory bodies, and these limits are designed
to protect human health by preventing excessive exposure to EMF, which can have
biological effects. Simply, the compliance boundaries are distance where the TER equal

one, therefore Equation 3.2 goes to Equation (3.3) at the compliance boundaries.

300 GHz

S
TER = Z <s ncf > =1 (3.3)
f>30MHz INGRLE

In [57], the International Electrotechnical Commission (IEC) has specified in their
standard 1EC62232 that the most accurate compliance boundary is obtained as an iso-
surface shape that may be enclosed in simpler shaped volumes to define more conservative
boundaries, such as the box shape (horizontal, vertical, and side) that is suitable for the
sector coverage antenna with the described boundary in the horizontal, side, and vertical
directions. In this study, the box-shape compliance boundary is considered to examine the
exposure in the main two directions facing the antenna’s horizontal and vertical beams.
Following some related work and studies [58, 59, 89-130], we used the compliance
distance (Rcp) to refer to the distance from the transmitter in which the total exposure ratio

equals one as shown in Figure 3.1.
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Figure 3.1. The Horizontal and Vertical Compliance Distances.

For the near field distance (R), the power density (Sinc,f) can be calculated using the free

space model [57], as expressed in Equation (3.4):

_ PT,f ' GA,f (e,2) (3 4)
e =4 . R2 '

Where P+ is the transmitted power in watt, and Ga is the transmitter antenna gain at the
direction R. By substituting Equation (3.4) into the numerator of Equation (3.3), TER can

be expressed as:

300 GHz

ﬂfihﬂw)>
TER = :}: < - e 3.5
4-7T-R2-Sinc,RL,f ( )

f>30MHz
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At the compliance distance Rcp, TER =1, then:

300 GHz 1/2
1 PT,f' GA,f (e,9) (3 6)
Rep = E —S- :
f>30MHz MCRLf

3.1.3. An Enhanced Compliance Distance Formula

One of the crucial concerns is determining the compliance boundaries based on
calculations that consider the accumulated power density from the multi-technology,
using typical operating configuration, and involve the actual power reduction factor and
system utilization load. The power reduction factor [57] is the factor applied to the
maximum transmitted power to obtain the actual maximum transmitted power, and the

system load is the actual system load due to the carrying traffic.

Equation (3.6) calculates the compliance distance based on the total maximum
transmitted power, which is very conservative and doesn’t reflect the actual practical
power rating. Therefore, in this study an enhanced formula is investigated and proposed

based to enhance the accuracy of compliance distances calculation.

There are three main aspects affect the actual maximum power that results in a realistic
time-averaged transmitted exposure from mMIMO: 1-the TDD duty cycle, 2-the spatial
distribution and scheduling time for connected users, and 3-the traffic load (system
utilization). In the network where the test is done, the TDD duty cycle setting is 0.8 for
all sites. The first and second factors are reflected and included in the power reduction
value. Thus, using the power reduction factor and system utilization load provides an
accurate result based on realistic average-time transmitted power. The 5G NR is designed
based on mMIMO TDD or mMIMIO FDD, note that the main characteristic of the mMIMO
is the beamforming, which targets transmitting power in the required directions rather than
continuous power in a wide angular direction. The traditional approach to EMF calculations
would consider the theoretical maximum power in each possible direction, this is inaccurate
and would lead to bigger compliance distances consistent with all possible beams each

transmitting at the maximum power.
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With the growth of 5G using high grade of mMIMO systems, some recent studies
investigated EMF exposure considering more parameters and methods such as the actual
averaged radiated power, system utilization load, spatio-temporal, and spatial/time duty
cycle [60, 61]. Additionally, in [57] IEC 62232 stated that EMF radiation assessments for
human exposure can be conducted for actual maximum situations. In [62, 48], researchers
from Ghent University and Ericsson conducted an investigation of the time-averaged
instantaneous radiation and the theoretical maximum exposure from 5G NR. Their results
found that the actual maximum exposure is very low compared to the theoretical
maximum exposure for NR mMIMO. Accordingly, In this study, we added the power
reduction factor p,- and the system load factor a;, as a reduction in the TX total power [63],
which is used to compute the power density based on realistic condition, so Equation (3.5)
expands to Equation (3.6), and Equation (3.7) transforms to Equation (3.8).

300 GHz

.ay . Pre. G
TER — Z (pr,f4 b,; . TS,f A,f(e,ﬂ)) (3.7)
f> 30 MHz - TC A% SincRL
1/2
300 GHz
p‘ .ab‘ .P‘f.GA‘f )
RCD — rf § T (e,9) (38)
f>30 MHz inc,RLf

The value of power reduction factor p, and the system load factor a; as vary from
network to network, and from site to site, its mainly depend of the carried traffic and used
technology. Chapter 4 diseuses and explained in details the used value of these two

parameters in calculation.

Above Equation (3.8) represents the enhanced formula which is useful for network
engineers to predict the EMF level and CD during the design stage before moving on to
the installation stage. Also, this enhanced equation can be employed in EMF tools to

determine the EMF CD through calculations.
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3.2. Multi-Technology Site Sharing

3.2.1. Site Sharing Setup

The group of solutions and technologies operating at one site causes an increase in EMF
exposure, and investigation is needed to evaluate the total accumulated radiation and
assess it versus the standard limits [14, 29, 30].

In many countries, the MNOs have started to share mobile sites to expand their network
services in terms of coverage footprint and capacity resources [81]. Site sharing has
become a good alternative and a key approach because of the following main reasons
[80]:

e |t is less expensive to share a site than to build a new one. According to [76],
infrastructure sharing can result in significant cost savings—up to 40% of assets

can be saved by site sharing, and cash flow can improve by 31% as a result.

e The densification of the existing sites increases the difficulty of acquiring more
physical sites within the required nominal locations and leads to fewer options.

e Site sharing enables the rationalization of the legacy 2G and 3G networks, taking
into account the declining revenues from 2G and 3G networks and the higher

spectral efficiency of the next generation of 4G and 5G technologies.

e Site sharing enables diverting the investment to other important innovations, such

as the deployment of more 5G sites.

e Site sharing has some social benefits because it lowers network costs, which

lowers the customer’s service fee.

e Tower sharing benefits the environment by reducing the number of sites with

better looks and views.

Network sharing can proceed in many ways, starting from a small part of the
infrastructure up to full sharing, including core parts [82]. Sharing can be classified into
two groups. The first is passive sharing, which mainly involves sharing parts of the tower
site, antennas, and/or the backhaul part (MW, transport, fiber, etc.), as illustrated in Figure
3.2.
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Site Sharing Backhaul Sharing

Core | opB | | opc | | opB | | opcC |

Radio Control | OpB | | OpC | | OpB | | OpcC |

Backhaul | opB | | opc |
BTS | opB | | Opc | | opB | | opcC |
Antenna/Tower
Spectrum

Figure 3.2. RAN passive sharing for 3 operators.

The second group is active sharing, which consists primarily of sharing the Radio Access
Network (RAN) component with a dedicated frequency spectrum for each operator as the
Multi-Operator RAN (MORAN) and a shared frequency spectrum as the Multi-Operator
Core Network (MOCN), as shown in Figure 3.3.

MORAN Sharing MOCN Sharing

Core OpB OpC

Radio Control

Backhaul

BTS

Antenna/Tower

Spectrum

OpB OpC

Figure 3.3. MORAN and MOCN active sharing for three operators.
Passive site sharing raises concerns about the total EMF exposure radiated from the

antennae because each operator has separate radio equipment and all of them transmit
from the same location. In this study, we determined the total accumulated exposure by
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calculating and analysing the CDs for the two types of sites sharing at the macro site and
the indoor IBS site.

The merit of this analysis is in the calculations that consider the real operating setup
(typical configurations) and involve the actual realistic transmitted power. Additionally,
the goal was not to compare the levels of exposure to different technologies. Instead, it
was to find out what the CDs are when different technologies and operators all transmit

in the same place.

3.2.2. Total Exposure and Compliance Distance for Site Sharing

In the situation of the site sharing, the co-exist of many transmitters forms a multi-
technology source of EMF radiation. In this case the total exposure ratio can be
determined by enhanced Equation (3.7) which re-written here as Equation (3.9)

considering all sources from all operators who transmit from the same site

300 GHz

TER (site sharing) =

Prf Qs Prs.Gagog > (3.9)

£>50 MHZ< 4. 11. RZ'Si‘nC,RL,f

Furthermore, considering the enhanced formula the accurate Rcp for site sharing muti

source can be determined by Equation (3.10):

. 300 GHz W PG 1/2
Rcp(site sharing) = e Z Pry. b’f; i 74 es) (3.10)
f>30 MHz inc,RL.f

3.2.3. Site Sharing Scale up Equation

The compliance distance calculation in Equation (3.10) fir site sharing can be scaled up
to any number N of MNO operators sharing the same site, assuming all operators use the
same configuration and technologies. For one MNO operator, Equation (3.10) and can be

written as:

46



1/2

1 300 GHz 4 Pre G
CD1=<— Prf- Apf- Pt A'f(9,¢)> (3.11)

4Tt S,
f> 30 MHz incRLf

For N number of MNOs, Equation (3.11) becomes Equation (3.12):

4 S;
f>30 MHz inc.RLf

1 300 GHz por y s PrrG 1/2
CDy = YR ) Wl el ACED)

1/2
1 ORE” Prf-Apf Pry.Gaf (o0
CDy = (N2 — (3.12)

it S;
f>30 MHz inc,RLf

As results, Equation (3.13) is driven form Equation (3.11) as below:
CDy =NY%2.¢cD, (3.13)

Equation (3.13) represents a simplified formula that gives the compliance distance based
on the EMF Site-Sharing Scale (EMF-SSS formula). In reality, it is very hard to find a
group of MNO operators that use the same configuration for multi-technology, including
the power rating and system load. However, EMF-SSS formula is useful for predicting
the CD and indicating the expected increase in the CD when accommodating more than

one MNO at the same site

3.3. Total Exposure Reduction
3.3.1. Challenge for Reducing the TER

A set of technologies and solutions at one location necessitates an analysis to determine
the exposure level in relation to standard limits and to analyse the total accumulated
radiation [14, 29, 30], and many studies indicate this evaluation even should take place
during the design stage of the network prior to deployment as EMF is a constrain in

network planning especially for 5G [20, 84].
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Almost, all cellular network operators use sectorized BSs with directional antennas,
especially the three-sector model that helps to maximize the outdoor and indoor coverage,
load balancing, capacity resources management, and interference optimization.
Furthermore, the same sectors carry different technologies radiating in the same
directions as co-located. Depending on the design strategy of the operator, the group of
technologies either be connected to one multi-band antenna, or might be installed into

separate antennas, but all antennas of one sector are directed in the same.

The investigation of EMF for multiple technologies is a crucial topic that aims to enhance
the assessment of the compliance distance and to introduce models to minimize it,
especially since it requires the operators to identify the compliance distances and mark
them as exclusive zones and should be not accessible for the general public. This work's
originality lies in providing a simple model (design technique) to de-concentrate the total
exposure emitting from sectorized antennas of the multi-technology BS, while
maintaining the network performance with no impact on the coverage signal levels and
main KPIs. And, this model can be practically applied to the widely commonly used

antennas that are currently installed for multi-technology BS.

3.3.2. TER for Sectorized BS

More effective coverage planning is possible when the cell site coverage is divided into
sectors, which means dividing the coverage area into smaller sectors served by individual
antennas. RF engineers adjust the signal propagation to reflect the geographic distribution
of mobile users by concentrating the coverage in particular directions as shown in Figure
3.4 which represents (as an example) the three-sector model with 0/120/240 degrees as
antennas’ azimuth for the horizontal directions. Within the same cell site, the available
frequency spectrum can be utilized numerous times with sectors remaining unaffected.
This expands the cell site's total capacity and enables the simultaneous service of
additional customers [85]. Also, improved load distribution throughout the cell site is
made possible by antenna sectorization. Traffic can be dynamically forwarded across
sectors during high usage periods to reduce congestion and guarantee that all users receive
sufficient service quality. The RF engineers may simplify their planning and deployment
process according to the area's nature, and they focus on improving every region
separately, accounting for variables like topography, population density, and anticipated

traffic patterns. Generally, sectorization is a commonly used technique in the construction
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and optimization of mobile cellular networks because it offers a balance between

coverage, capacity, and interference control overall [86].

0°

240° 1200

A

A
A

Figure 3.4. The three-sector model used in mobile networks.

While sectorization can enhance network performance and capacity, it increases the EMF
radiation by concentrating the transmitting signals from all technologies in the antenna’s
directions. Upon the guiltiness of ICNIRP and FCC, the total exposure should be
calculated considering the accumulated power density from the transmitting multi-

technology sources.

3.3.3. Proposed Exposure Reduction Model

Figure 3.5 shows a sectorized cell with n number of antennas in one sector. From [4-6]

the exposure ratio for each transmitter can be calculated using Equation (3.14).

S inc,f

ERf(sector) = (3.14)

A) inc,RL.f
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Where ERs is the Exposure of the antenna transmitting at frequency f. Sincs and SincrLf are

the incident local power densities and their reference level at frequency f.

.
g

y

Figure 3.5. One sector in sectorized cells with i number of antennas.

With one sector, the exposure ration of one antenna that transmit at frequency f can be
calculated by Equation (3.15)
Prs.-Gag (o9

ER; =
I~ am RZ%. SincrLf (3:15)

As per [29, 30, 83] The total exposure ratio of n number of transmitters in one sector TER,

can be calculated using Equation (3.16) as:
TER, = Z ERy (3.16)
nf

Furthermore, the total exposure ratio of N sectors in one site TERy can be calculated using
Equation (3.17) as:
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N
TERy = Z TER,, (3.17)

n=1

Thus, by substituting Equation (3.16) in Equation (3.17), the TERy can be calculated using
Equation (3.18) as:

N

TERy = Z Z ER, (3.18)

n=1 nf

Although the three-sector model is commonly used for cell sectorization, in this study we
consider the general case of Ns number of sectors of one BS in the proposed model.
Assuming each sector contributes equally in the TER of one BS, thus, the total exposure
of one sector comes through angle width @, which can be calculated simply using
Equation (3.19)

0 = (3.19)

Within one sector, the total exposure TERn can be distributed among the whole @4 by
azimuth shifting the direction of each antenna towered separate sub-angle, each sub-angle
has an angle width 8,, where n is the number of antennas in one sector. Each 8,, to have
an angle width based on the TER, weight out of the TERn, which means the 8,, is the
weighted angle proportional to TER,. Of course, this manner is to be applied for other
sectors in the same site to have repeated antennas azimuth arrangement in the way for one
technology to have the same antenna angle separation between all sectors. Thus, this
approach gives a model to deconcentrate the total exposure (as spreading) in sub-
directions rather than having all antennas transmitting toward one direction. So, the 8,,

can be calculated using Equation (3.20).

ER, 360 TER,

0. = =
n= Os*TER = N. "TER,

(3.20)
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Finally, by substituting Equations (3.15, 3.16, 3.18) into Equation (3.20), it gives
Equation (3.21) to calculate the &x .

N
360 P G, P G,,
o= 380, P Af(eﬂ)/ ZZM (3.21)

N
s nf mc RL,f n=1nf lnc,RL,f

In the validation and results (section 4.3), will discuss in detail the results that show this
model doesn’t affect the base station performance in terms of coverage level and capacity.
However, it is important to mention this model is applicable for macro sites that serve in
areas where continuous coverage is required around the whole site area, and it’s not
applicable for below such cases:

- For sites that have sector’s azimuths intentionally are directed toward certain
locations for special coverage and capacity requirements such as highway
road sites.

- For sites that use one antenna for all technologies such as penta-band and

hexa-band antennas.

3.3.4. Complaince Distance Reduction

Consequentially, applying the proposed design model using Equation (3.21) as separation
angles between antennas, this will result in reducing the compliance distances as well.
This reduction in only the horizontal direction which the most critical as it’s the direction

of the main antenna’s main beam.

In [43, 71], the IEC62232 has stated in their guidelines the most precise compliance border
possible as an iso surface pattern that may be contained in simpler shaped volume to create
more restricting parameters, such as the box-shape (horizontal, vertical, and side) that is
appropriate for the sectorized site with the vertical and horizontal boundaries of the
coverage antenna. The side CD (Rcp-s) can reach maximum value equal to horizontal CD
when rotate the antenna’s main beams horizontally toward the side direction note that
horizontal azimuth can be from 0 to 360 degrees. In this work, the two primary directions

facing the horizontal and vertical beams of the antenna are considered similar to related
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studies found in the literature [58, 59, 77-79] assuming the Rcp-# is maximum boundary
for all horizonal directions including side direction as shown in Figures 3.6, 3.7, and 3.8,
where the Rep is the compliance distance in the two directions (Rcp-+ at the horizontal,
and Rcp.v at vertical) from the transmitter at which the entire TER equals one as per
ICNIRP and FCC guidelines [4-6].

Repy =

Figure 3.6. Horizontal, vertical, and side boundaries of sectorized site.

Repy

Figure 3.7. Box-shape CD boundaries of the sectorized site.
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Figure 3.8. Horizontal and vertical compliance distances for Macro site.

Using the basic Equation (3.6), the Rcp, where TER =1, can be calculated using Equation
(3.22) as:

N 300GHz 1/2

P Gy,
Rep = LZ Z r.f-Uaf (o) (3.22)

4 S;
n=1f>30 MHz inc.RLf

Furthermore, by applying the enhanced formula of Equation (3.8), thus Equation (3.23)

changed to Equation. (3.23) which presents the enhanced compliance distances Rcp.

N 300GHz 172
1 PrsAbs PryGag o (3.23)

A Si
n=1f>30 MHz inc.RLf

Rep =
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If look at each technology separately, the proposed solution just rotates the sectors
while keeping the manner of the sectorization as one group, which maintains the

overall site coverage at the same level for this technology as shown in Figures 3.9 and

A =

Figure 3.9. The current classic way for implementing 3 sectors directions

**Y"

Figure 3.10. The proposed solution for sectors separation.

The different technologies have different signal levels in the same direction, so, in any
place, some technologies will be stronger than others especially in null areas between
sectors, but this also exists before applying the solution as shown in Figure 3.11 that

shows the ideas of the proposed solution.
In the situation of having continuous coverage for each technology, the network pushes

the users to camp on specific technology based on the certain parameter's setting

controlled by MNQO' engineers fundamentally based on MNO strategy for the cell
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selection and reselection. Also, the user can force and lock his handset (from the

handset setting) to camp on the desired technology.

Figure 3.11. The proposed solution for sectors separation considering multi-technology
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3.4. Far Field Exposure Assessement

3.4.1. Overview for the Far-Field Expsoure

The far field refers to a region far enough from the source where the EMF behaves as a
plane wave and the spatial variation of the field is minimal, and practically these are all
areas and regions far from the antennas and the signal reach in outdoor and indoor where
people leave. Most national regulators in most of the countries requires from MNOs to
assess the overall EMF exposure for general public everywhere they exist. To assess
electromagnetic field (EMF) exposure in the far field, several techniques and methods are
commonly used such as using field prop meters, exposure simulation-based tools. In this
assessment, the coverage signal levels are employed to predict the far-field total exposure
ratio of multi-technology site, the coverage levels itself require to employ the suitable

propagation models to predict it.

Mobile wireless networks require proper radio planning and design for the required
capacity and coverage [20]. This should be performed before implementation to ensure
that the planned signal levels reach and cover the targeted areas well. A wide variety of
approaches have been developed to predict the coverage level using propagation models
that calculate the transfer of signals from the transmitter to the receiver. Predication
software-based tools were developed to run the predicted computational operations using

a suitable propagation model equation according to the site and location data input.

3.4.2. Employing the Rx Level in Exposure Simulation

In this simulation, for the 2G 900 MHz and 3G UMTS 900 MHz calculations, the
COST231-Hata is used, which was developed by European Cooperation in Science and
Technology (COST) based on the Okumura-Hata model [35, 36]. This model is suitable
for the urban environment and can be used for distances up to 30km between the BS and
receiver. The path loss is presented by Equation (3.24), which expresses the path loss in
dB as:

Lcost231 Hata = 33.9log f. — 13.82h;, — ah,, + (44.9
— 6.55log hy,) logd + Gy, + 46.3

where Cm is a constant and ah,, is the correction factor, and both depend on the

(3.24)

environment type.
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For the 4G LTE FDD (800, 1800, and 2100 MHz), the urban macro cellular model (UMa)
is used, its developed by 3GPP for frequencies from 450 MHz to 6 GHz [37]. It is suitable
for Macro sites where the BS height is assumed to be higher than that of the surrounding
rooftops. This model has two modes, non-line of sight (NLOS) and LOS path loss, and
Equations (3.25 and 3.26) represent the UMa-LOS.

L = 40log(d) — 28 + 20log(f)
6 uma 8 ) s/ g d, <d <5000m (3.26)
—9[(dp)? + (he — hy)?]
where d is the distance from the BS, dy is the break point distance, which depends on the
height of the antennas (d;, = 4h.h,/A1), and the model assumes an MS height between
1.5mand 22.5 m.

With the introduction of 5G New Radio (NR), 3GPP has standardized the UMa model for
5G and covers a wider range of frequencies up to 100 GHz, because there is high
expectation that 5G NR will also operate at higher frequencies [38]. The 3GPP UMa 5G
model [39] has parameters similar to 4G Uma, with more frequency modules to support
a higher frequency range, especially for NLOS MUa modes. This model effectively
supersedes all previous models [40]. Equations (3.27, 3.28, and 3.29) represent the line of
sight (LOS) path loss for 5G UMa used in this study to calculate the 5G Rx level.

_(PL, 10m<d<d,

bseuma = {PLZ, dy < d < 5000m (3:27)
PL; = 28 + 221log(d) + 20log(f) (3.28)

PL, = 28 + 401log(d) + 20log(f) (3.29)

—9[(dp)? + (hy — hy)?]
where d is the distance from the BS, and d,, is the break point distance depending on the

height of the antennas (d;, = 4h.h,./A). This 5G-UMa model also assumes a UE height

between 1.5 m and 22.5 m.
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Chapter Four: Validation and Results Anlaysis

4.1. Validation of the Proposed Enhanced Compliance
Distance

4.1.1. Validation Methodology Steps

The proposed enhanced formula in Equation (3.8) for calculation the accurate compliance
distance is valided to figure out the accuracy and delta compare the original calculations,

the validation involved in-situ measurement and calculation-based assessment.

Figure 4.1 summarizes the steps that are followed in this assessment, first the
measurements are conducted, and then the measurement results and OSS system data
(Operation Support System) are used to validate proposed formula of the the power
density calculation. In the last step, the proposed formula is used to determine the CDs
using different data sets considering the maximum system load as a worst-case scenario

of the maximum traffic that cause maximum power density emission.

In Situ
Measurements
(SRM 3006)

l

Formula Validation
(Data Processing)

l

Max System Load
CD&PD &_TER -— + Sites Configuration
Calculation

(Input Data)

System Load Records
s + Sites Configuration
(Input Data)

cD PD TER
Results & Analysis =~ Results & Analysis Results & Analysis

Figure 4.1. The methodology steps to validate the proposed formula.
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4.1.2. In-Situ Measurement and Validation

In-situ measurements are conducted to achieve the power density for the site under test
as shown in Figure (4.5). A physical macro site is selected in the Kingdom of Saudi Arabia,
located in a dense residential area at Khubar city. The site is operating with six
technologies 2G GSM at 900 MHz (G900), 3G UMTS at 900 MHz (U900), 4G LTE at
800 MHz (L800), 4G LTE at 1,800 MHz (L1800), 4G LTE at 2,100 MHz (L2100), and
5G NR at 3,500 (N3500).

The hourly traffic and utilization are obtained using the system row counters and statistics
of the OSS. Accordingly, the highest hours of traffic and system load (busy hours) are
identified (from 8:00 pm to 00:00 am) and these hours are chosen to conduct the field
measurement. Figure 4.2 shows the hourly data traffic over one week for the 5G N3500
sector of the measurement. It also shows the system load percentage, which is recorded
based on the PRB utilization, it reaches up to 67%. Figure 4.3 shows the same for 4G
L2100 which reaches up to 85%, and Figure 4.4 shows the same for 3G U900, which
reaches up to 50%. However, for 3G, the OSS records the system load based on the power

utilization counters.
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Figure 4.2. The 5G N3500 hourly traffic and system load of the site.

60



50

Total Traffic (GB)

Total Traffic (GB)

mmm Total Traffic (GB) ——System Load (%)

Busy Hours '

11/10/2022(11/11/2022(11/12/2022|11/13/2022|11/14/2022 |11/15/2022|11/16/2022

Date & Time

Figure 4.3. The 4G L2100 hourly traffic and system load of the site.
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Figure 4.4. The 3G U900 hourly traffic and system load of the site.
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A Narda SRM-3006 [64] EMF selective radiation meter is used for the measurements,
which supports a frequency range from 9 kHz to 6 GHz, and has a three-axis isotropic
antenna (E-field). Figure 4.5 shows the site and the meter position during the field test at
the selected site, which is installed on rooftop with a 12 m height from the same floor

level.

Figure 4.5. The radiation meter position in the site.

The meter was standing on a tripod with an antenna height of 2 m facing the antenna’s
main beam direction. The measurements were collected for two points at horizontal
distance Dy as illustrated in Figure 4.6. Initially the Dy was 10 m, Dsp was 14.14 m and
facing vertical angle @ was 45°. At the second point, the Dy was 20 m, Dap was 22.36 m,
and facing vertical angle @ was 26°.
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Figure 4.6. Measurement setup for the radiation meter in the site.

The SRM meter was set to measure the downlink (DL) frequency ranges. A total 9,600

measurement samples are recorded for each technology with a scan rate of 0.67

samples/second. The recorded samples were post-processed, the processing includes

importing the measurement data (Sinc, Hinc, and Einc) from the radiation meter, converting

it to the desired units, sorting the measured samples for each technology, and then

calculating the average power density PD for all collected samples per technology.

Finally, the average PD is divided by reference levels to calculate the exposure ratio.

Table 4.1 lists the average measured Sinc, Einc, and Hinc, and the exposure ratios are

calculated based on the corresponding ICNIRP reference level for the GP at the first point

(10m from the site).
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Table 4.1. The measurement results vs calculated ICNIRP at 10m distance.

Measurements Reference Levels Exposure Ratio
Techn. Sinc Hinc Einc SinckL  HincRL  EincRL  Sinc/SincrL Hine/HincrL Einc/EincrL

mW/m?2 mA/m  V/im  mW/m?> mA/m_ V/m  x10° X103 X103
2G G900 0.302 0.895 0.338 4500 111 41 0.07 0.07 0.07
3G U900 0.161 0.653 0.246 4500 111 41 0.04 0.03 0.04
4G L800 0.463 1.108 0.418 4,000 105 39 0.12 0.11 0.12
4G L1800 1.299 1.865 0.700 9,000 157 58 0.14 0.14 0.14
4G L2100 2.076 2.347 0.885 10,000 N/A N/A 0.21 N/A N/A
5G N3500 6.366 4.109 1549 10,000 N/A N/A 0.64 N/A N/A

The power density was validated by comparing the measurements with the calculation

using Equations 3.7 for Sinc,pr With p,- = 0.22, compared to Sinc With p,. = 1 (without power

reduction). The value of p,. = 0.22 is used based on the work [23] who reported that actual

power varies between 7% and 22% of the maximum possible output power depending

upon different user distributions and exposure scenarios, and also based on the work [65]

who reported the actual power is 22% for mMMIMO in the Urban site.

Table 4.2 shows the validation results in terms of Sinc mean error (ME) and the differences

compared to the measurements at point 10 m. For 5G N3500 mMIMO, the results show
that Sinc pris 7.12 mW/m?, and Sinc is 26.02 mW/m?. Sincpr has less difference that reaches

up to 10.6% compared to the difference of the basic Sinc, Which reaches a maximum

80.3%.
Table 4.2. The power density validation at 10m distance.
Sinc Sinc Calculation
Techn. Measured With p, Sincpr No p, Sinc
mW/m? mW/m?  ME mW/m? Difference mW/m? ME mW/m? Difference

2G G900 0.302 0.339 0.04 10.8% 0.339 0.04 10.8%
3G U900 0.161 0.178 0.02 9.8% 0.178 0.02 9.8%
4G L800 0.463 0.528 0.06 12.3% 0.528 0.06 12.3%
4G L1800 1.299 1.455 0.16 10.7% 1.455 0.16 10.7%
4G L2100 1.246 1.405 0.16 11.3% 1.405 0.16 11.0%
5G N3500 6.366 7.124 0.76 10.6% 32.38 26.02 80.3%
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Similar results were obtained for the measurements at the 20 m distance far from the site,
as listed in Table 4.3. where it shows that the Sincpr is 07.24 mW/m? and for Sinc is 26.36
mW/m?. Sincpr has difference reaches of 9.5% compared to the basic Sinc, Which was
80.1%.

Table 4.3. The power density validation at 20m distance.

Sinc Calculation

Measured
Techn. With p,. SincpF NoO p; Sinc
mwW/m? mwW/m?  ME Difference mwW/m? ME Difference
2G G900 0.270 0.310 0.04 13.0% 0.310 0.04 13.0%
3G U900 0.195 0.220 0.03 11.4% 0.220 0.03 11.4%
4G L800 0.465 0.530 0.07 12.3% 0.530 0.07 12.3%
4G L1800 1.580 1.798 0.22 12.1% 1.798 0.22 12.1%
4G L2100 1.609 1.777 0.17 9.4% 1.777 0.17 9.4%
5G N3500 6.549 7.239 0.69 9.5% 32.90 26.36 80.1%

4.1.3. Power Density and Compliance Distance Analysis

Most mobile wireless networks comprise a combination of different site types and
different access technologies, interworking as a heterogeneous network. In a real network,
the radio planning teams design and select the sites based on many factors, such as the
required coverage range, number of users, traffic growth, total cost, and the nature of the
area (rural, urban, suburban, dense, indoor building, etc..). This study investigated the
CDs for four site types, the macro, micro, small cell, and the Indoor based solution (IBS),
which all are used as a combination in the typical mobile network as illustrated in Figure
4.7.
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Micro

Figure 4.7. Site types of base stations according to coverage type.

4.1.3.1. The Macro Site

Macro site is a general and most common solution used by all operators to provide
coverage in populated areas [66]. The macro has radio equipment with higher BS power
compared to other types of sites (micro/femto/IBS), and the coverage range reaches
further distances depending on the antenna height and the site configurations. The macros
can be installed in different civil models, such as on a monopole, self-based towers, cells

on the wheel (COW), wall-mounted antennae, or rooftop sites, as illustrated in Figure 4.8.

Typical configurations of a single BS macro site equipped with multi-technology
solutions are used as input data for the calculation in this study, and the configuration
data were obtained from two mobile network operators in the Kingdom of Saudi Arabia
from the operation team. The input data for each technology, including the number of
Tx/Rx, antenna gain, frequency bandwidth, system load, technology types, and
transmitting power are listed in Table 4.4. For N3500 which has high-grade mMIMO
(64T/64R). The measurement results reflected the EMF levels during the measurement
time which was not reaching the maximum EMF level, and the authors have no facilities
to generate maximum traffic on the site causing maximum power density emission. In the
validation stage, the system load was recorded during the measurement time and used for

validating Equations (3.7 and 3.8). But, considering the purpose of the simulation is to
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investigate the power densities and CDs using Equations (3.7 and 3.8) under maximum
radiation, the system utilization load is used (95%) for all technologies in to determine

the EMF compliance boundaries as a worst-case scenario.

Table 4.4. The configuration Setup for the macro site.

Configuration 2G 3G 4G 4G 4G G
G900 U900 L800 L1800 L2100 N3500
Freq. (MHz) 900 900 800 1800 2100 3500
Freq. BW (MHz) 5 5 10 20 20 100
Total TXs 2 1 2 2 4 64
Total RXs 2 1 2 2 4 64
Power TX 40W 40W 80w 60W 60W 160W
Power p, 1.0 1.0 1.0 1.0 1.0 0.22
System Load 95% 95% 95% 95% 95% 95%
Ant. Gain 17dBi 17dBi 16.7dBi 16.6dBi 17dBi 24.8dBi

The site configuration data are utilized in Equations (3.8) to compute the vertical and
horizontal CD (Roc-+ & Roc.v) as illustrated in Figure 4.7. The outcome expresses that all
horizontal Rpc-+ distances are longer than the vertical Rpc.v distances, and the ICNIRP has
a slightly more restricted Rcp compared to the FCC. The Rep-+ general public for ICNIRP
is 14.81 m compared to 6.51 m Rcp.y, and the Rcp-n FCC general public is 13.84 m
compared to 5.89 m Rcp.v. Figure 4.8 summarizes the compliance distances Rcp in both

directions, and the results are in line with the results found in [47, 59].
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Figure 4.8. The CD for Macro site referenced ICNIRP and FCC limits.

The emitted power density was then processed to look at it per technology. Figure 4.9
presents the Pp (W/m?) calculated at a distance (m) from the antennae, which shows that
5G N3500 has the highest PD compared to the other technologies, and all technologies

reach high levels at distances very close to the macro site antenna (less than 3 m).

300
2G_G900
275
> - —=-- 3G_U90
250 el 4G 1,800
p—
NE 225 e 4G 11800
S—
3 200 * —— 4G_1.2100
- —t— 5G_N3500
=175
(5]
3 150
Il
(]
|
@ 125
2
& 100
75 |
Plot Ar
50 .
25
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Distance (m)

Figure 4.9. The PD at the main directions for the Macro site antenna.
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Referring to the standard limits for GP, Figures 4.10 and 4.11 display the exposure ratio
calculated in the horizontal directions and the total TER. For both the ICNIRP and FCC,
the results demonstrate that 5G N3500 has the highest contribution to the TER at the

compliance distances.
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Figure 4.10. The exposure ratio for macro site reference to ICNIRP limits.
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Figure 4.11. The exposure ratio for Macro site references to FCC limits for GP.
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At the Rcp, the 5G N3500 contributes 34%, then the 4G L800 contributes 24%, the 4G
L1800 and L2100 contributes 9-10% each, and the 2G G900 and 3G U900 contributes
11% each. Additionally, for FCC, the highest is N3500 which contributes 39%, followed
by 4G L800 with 21%, 4G L1800 and L2100 with 11% each, the lowest being 2G G900
and 3G U900 with 9% each. Figure 4.12 summarizes the contributions of each technology
which is in line with the results of our previous study for the far field done by the same
research team and published in [67].

B2G_G900
m3G_U900
m4G 1800
m4G L1800
B4G L2100
B5G N3500

ICNIRP-GP FCC-GP ICNIRP-OW FCC-OW

Figure 4.12. The PD contribution at the CD per technology.

The results computed using the proposed enhanced formula give shorter compliance
distances compared to calculations done using the basic frmula. These are expected
results because the p, gives more accurate distances based on realistic rated power for
the mMIMO equipped in the 5G rather than the conservative power levels used in
proposed equation. Table 4.5 summarizes the comparison results which show that Rcp-pr
distances are less than Rcp by 34.5%-36.9% in the horizontal direction, and Rcp-pr
distances are less than Rcp by 16.2%-18.5% in the vertical direction for the GP and OW
respectively.
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Table 4.5. The CDs for Macro site referenced to ICNIRP and FCC limits.

Calculation Method Rep (M) Rcope (M)  Delta (M) Delta %
P INCIRP 22.6 14.8 -7.8 -34.5%
FCC 21.9 13.8 -8.1 -36.9%
Rcp-H
INCIRP 101 6.6 -3.5 -34.5%
ow
FCC 9.8 6.2 -3.6 -36.9%
P INCIRP 7.8 6.5 -1.3 -16.2%
FCC 7.2 5.9 -1.3 -18.5%
Rep-v
INCIRP 35 2.9 -0.6 -16.2%
ow
FCC 3.2 2.6 -0.6 -18.5%

It’s not easy to compare the above results directly with related works found during the

literature review, because many related studies investigated the EMF exposure topic from

different angles, for these works who focused on determining the compliance boundaries

similar to our study, below are some summaries:

In [58], the authors proposed conservative formulas to estimate the localized and
whole-body SAR for the exposure of the main beam from the BS. The proposed
formulas have a heuristic nature, are applicable to a class of typical base station
antennas, were created based on a number of physical observations, and are
supported by the findings of a thorough literature review, measurements, and

numerical simulations of typical exposure scenarios.

in [59], the authors conducted field measurements inside the university (Symbiosis
International University campus Pune, India) in different locations, and calculated
the compliance distance for 2G GSM operating at 1800 MHz, the result shows the
calculated compliance distance is 8.4 meter.

In [52] the authors proposed a new protocol for the measurement assessing the 5G
NR exposure based on user activities including the assessment of auto included
exposure of both the base stations and user handsets. Their work is based on
knowledge of some studies simulating NR base stations and measurements near test

sites, and from prior RF-EMF exposure research.

In [68] the authors conducted in situ measurement for the 4G LTE TDD mMIMO

considering maximum system utilization and 100% traffic load, the results show that
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EMF level was 7.3-16.1% of the ICNIRP occupational reference level compared to
79.3% based on traditional conservative calculation, and there is a reduction in the
actual compliance boundaries 2.2-3.3 times the conservative’s calculated boundaries.
The authors justify this decrease can be attributed to mMIMO beamforming's
sporadic and erratic behavior, and they mentioned due to the fact that actual RBS
traffic loading is frequently much lower than 100%, a further reduction in the

compliance boundary is expected.

- In [69], Pinchera et al. analyzed the power levels around the 5G antenna array to
reasonably assess the exposure level and calculate the compliance boundary. The
authors introduced a metric for calculating of the average power density around the
antenna as a normalized average power pattern (NAPP) through a statistical
approach. Their results show the calculated compliance distances results using
different values for the power reduction factor.

- In [70], Thielens et al. (at Ghent University) determined the EMF exposure
compliance boundaries using finite-difference time-domain (FDTD) simulations for
a 4G LTE base station antenna at 2,600 MHz. Their results show for the various basic
restriction and reference levels, the reference levels are not conservative when the
antenna is only partially radiating. Also, their results show that the 10g averaged SAR
in the head and trunk of the body gives the compliance boundaries for basic

restriction at lower antenna powers.

- In [71], Heliot et al. investigated the nature of mMMIMO exposure and its impact on
the compliance boundary using mMIMO configurable testbed (at 2.6 GHz) and
commercial 5G BS (at 3.6 GHz). Their results for defining the exclusive zones based
on statistical exposure are interesting. Their analysis indicates that the significant
exposure variations occur according to the beam directions, and for a constant traffic
load, the variance of the exposure tends to decline as the number of users rise. Also,
contrarily, the exposure increases sub-linearly with traffic load, irrespective of the

user count.
With a review of the above-mentioned related works, this study mainly differs by

determining the compliance distances for the entire accumulated EMF from multi-

technology colocated at one site.

72



4.1.3.2. Micro Site

For the operators in crowded locations with good coverage, capacity is a concern. Micro
sites are a good option with low power to expand capacity in highly utilized areas [72,
73]. It has a small hardware size that is easy and quick to install (e.g., on the rooftop, light
pole, or as wall-mounted) at relatively low heights as illustrated in Figure 4.13.
Additionally, it has lower costs than macro sites.

Figure 4.13. Horizontal and Vertical compliance distances for micro site.

A high configuration of a single micro site equipped with multi-technology solutions is
considered in this study. The site is operating with six technologies; G900, U900, L800,
L1800, L2100, and N3500. The input data for each technology are listed in Table 4.6.
This is like the macro site but has less TXs power, lower antenna gain, and no mMIMO
in the 5G NR.
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Table 4.6. The configuration setup for the micro site.

Configuration oo U0 L8oo  Liso  La100 N3600
Freq. (MH2) 900 900 800 1800 2100 3500
Freq. BW (MH2) 5 5 10 20 20 100
Total TXs 2 1 2 2 2 4
Total RXs 2 1 2 2 2 4
Power TX ow 10w 10w 5W 5W 40W
Power p, 1.0 10 10 10 10 10
System Load 95% 05%  95% 95% 95% 95%
Ant. Gain 8dBi 8dBi  8dBi  10dBi 10dBi 11.1dBi

The calculations show that all horizontal Rcp-w distances are longer than the vertical Rep-
vdistances. For the ICNIRP general public, Rcp-H is 2.83 m compared to 1.17 m for Rep.v.
For the FCC general public, Rcp-+ is 2.67 m compared to 1.08 m for Rcp.v. Figure 4.14

summarizes the calculation results.
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Figure 4.14. The CD for Micro site referenced to ICNIRP and FCC limits.
Figure 4.15 presents the calculated Pp per technology, like the macro, the micro results

show that 5G N3500 has the highest Pp compared to the other technologies, and all

technologies reach high levels at distances very close to the antenna (less than 2 m).
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Figure 4.15. The power densities in main direction of the micro site antenna.

Referring to ICNIP and FCC limits for the GP, Figures 4.16 and 4.17 present the exposure

ratio for each technology calculated in the horizontal directions, and the total TER for the
micro site.
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Figure 4.16. The exposure ratio for the micro site is based on the ICNIRP limits.
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Figure 4.17. The exposure ratio for the micro site reference to FCC limits.

Additionally, the results show that 5G N3500 has the highest contribution at ICNIRP
compliance distances with 49%, followed by 4G L800 with 15%, 4G L1800 and L2100
with 5% each, and 2G G900 and 3G U900 with 13% each. For the FCC standard, N3500
is the highest contributor with 55%, followed by 4G L800 with 13%, 4G L1800 and
L2100 with 5% each, and 2G G900 and 3G U900 with 11% each. Figure 4.18 shows the
summarized contributions, and this comparison to the results in Figure 4.13 (macro site)
demonstrates that the 5G contribution at the micro site is higher than that at the macro
site because the macro uses a higher grade of mMIMO (64T/64R). Hence, we used a

lower power rating factor (0.22) in the calculations.
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Figure 4.18. The PD contribution per technology at the CD for the micro site.

The micro site boundary calculation using Equation 3.8 (Rcp-pr) provides similar
distances with slight differences compared to calculations done without power factor.
These are expected results because the micro has no mMIMO and uses normal TX power
here. Table 4.7 summarizes the comparison results which show that the Rcp-pr distances

are much less than 2.5% in all directions compared to the Rcp.

Table 4.7. The CDs for micro site referenced to ICNIRP and FCC limits.

Calculation Method Rco (M) Recp-pr (M) Delta (m) Delta %
INCIRP 2.9 2.8 -0.1 -2.5%
GP
FCC 2.7 2.7 -0.1 -2.5%
Recp-H
INCIRP 1.3 1.3 0.0 -2.5%
ow
FCC 1.2 1.2 0.0 -2.5%
INCIRP 1.2 1.2 0.0 -2.5%
GP
FCC 1.1 1.1 0.0 -2.5%
Rep-v
INCIRP 0.5 0.5 0.0 -2.5%
ow
FCC 0.5 0.5 0.0 -2.5%
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4.1.3.3. 4.4.C. Small Cell Site

For coverage in homes and small offices, the small cell (or femto) is a practical choice as
illustrated in Figure 4.19, it provides limited indoor coverage and capacity where the
network signal is weak [74]. It has very tiny hardware dimensions, simple and quick to
mount on the ceiling or wall-mounted like the WiFi hotspot. Additionally, it has a lower
cost compared to the macro/micro/IBS sites, but it has a very small capacity and coverage
with very low power. Therefore, 4G/5G small cells are a cost-effective way to extend the

availability of 4G/5G in urban and suburban areas.

Figure 4.19. The compliance distances for small cell installed on the ceiling.

We considered five small cells installed in the same location to examine the maximum
total radiation as a worst-case situation. Although so many operators have started the 5G
small cell deployment on 6 GHz, in this study, we used 3.5 GHz because it was the
frequency used by the operators who provided the configuration for this study. Table 4.8

presents the typical small cell configurations used in the calculations for PD and CD.
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Table 4.8. The configuration setup for small cell.

Site Setting 629((3)0 U39c80 L%Goo Lig)o Lgfoo Nggoo
Freq. (MHz) 900 900 800 1800 2100 3500
Freq. BW (MHz2) 5 5 10 20 20 100

Total TXs 2 1 2 2 2 4
Total RXs 2 1 2 2 2 4
Power TX 04W  04W  04W  04W  0.4W 1w
Power p, 1.0 1.0 1.0 1.0 1.0 1.0

System Load 95% 95% 95% 95% 95% 95%
Ant. Gain 4dBi  4dBi  4dBi  4dBi 4dBi  11.1dBi

Figure 4.20 presents the summarized compliance boundaries for the small cell, which
shows that all horizontal Rcp-H distances are longer than the vertical Rep-v distances. For
the ICNIRP GP, the Rcp-+ is 0.52 m compared to 0.34 m for the Rcp-v. Additionally, the
FCC Rcp-+ is 0.48 m compared to 0.30 m for Rcp.v.
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Figure 4.20. The CDs for small cell referenced to ICNIRP and FCC limits.
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Analyzing the PD and its contribution to the total exposure ratio underwent additional
processing. Figure 4.21 shows that 5G N3500 has the highest Pp compared to the other

technologies, and all technologies reach high levels at distances very close to the antenna
of the small cell (less than 0.3 m).
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Figure 4.21. The power densities from the small cell antenna.

In reference to ICNIP and FCC limits for the GP, Figures 4.22 and 4.23 show the exposure
ratios in the horizontal direction. It is clear that TER reaches 1 at very close distances and
is very low at distances below 1 m, which is expected because the small cell transmits
very low power. The results are very much in line with findings in [25] in which the
authors studied EMF radiation from a 5G small cell at a frequency of 39 GHz and installed
on a 25 feet pole above ground level. Their results show that the PD rapidly decreases

with increasing, reaching 0.7% at a distance of approximately 15 m.

80



Exposure Ratio

Exposure Ratio

2.50

225

2.00

1.75

1.50

1.25

1.00

0.75

0.50

0.25

0.00

2G_G900
—s— 3G_U900
b 4G_1800
—s— 4G _L1800
4G _1.2100

——t—5G_N3500

0.1 02 03 04 05 06 07 08 09 10 11 12 13 14 15
Distance (m)

Figure 4.22. The exposure ratio for small cell reference to ICNIRP limits.
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Figure 4.23. The exposure ratio small cell reference to FCC limits.
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Similar to the outcomes on macro and micro, the small cell 5G has the highest
contribution in the TER with 49%, followed by 4G L800 with 15%, the 4G L1800 and
L2100 with 5% each, and the 2G G900 and 3G U900 with 13% each. Additionally, based
on FCC limits, the highest is N3500 with a contribution of 55%, followed by 4G L800
with 13%, 4G L1800 and L2100 with 5% each, and 2G G900 and 3G U900 with 11%
each. Figure 4.24 summarizes the exposure contributions of each technology at the Rcp.
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Figure 4.24. The PD contribution per technology for small.

The boundary results using the proposed enhanced Equation (3.8) gives similar distances
with slight differences compared to calculations done without power factor. Table 4.9
summarizes the comparison results, which show that Rcp-pr distances are less than 2.5%
in all directions compared to the Rcp and this is due that the IBS configuration is not

equipped with mMIMO technologies.
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Table 4.9. The CDs for small cell referenced to ICNIRP and FCC limits.

Calculation Method Rep (M) Reppe(Mm)  Delta (m)  Delta %
INCIRP 0.533 0.520 -0.014 -2.5%
GP
FCC 0.497 0.485 -0.013 -2.5%
Reo-H
INCIRP 0.239 0.233 -0.006 -2.5%
ow
FCC 0.222 0.217 -0.006 -2.5%
INCIRP 0.351 0.342 -0.009 -2.5%
GP
FCC 0.312 0.304 -0.008 -2.5%
Rep-v
INCIRP 0.157 0.153 -0.004 -2.5%
ow
FCC 0.140 0.136 -0.004 -2.5%
4.1.34. Indoor Based Solution (IBS) Site

In-building solution (or indoor-based solution) provides indoor coverage using a series of
hub (splitter) equipment distributing the signal to several antennae, as illustrated in Figure
4.25. The IBS provides extra leverage to boost the strength of wireless signals, ensuring
seamless wireless connection for mobile network users. Due to construction penetration
losses, the operators install the IBS within huge buildings and high-rise towers where
coverage from outdoor macro sites is challenging. The typical deployment of IBSs
combines all the technologies in one distributed antenna system (DAS) in which each

antenna provides coverage for a certain zone as a hotspot [75, 76].
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Figure 4.25. The CD for one IBS antenna installed on the roof ceiling.

The IBS includes DAS (IBS-DAS) consists of many connected antennae that are shared
and energized from the same radio transmitters in the splitting system. In this study, we
consider the radiation from one antenna (one zone). Table 4.10 lists the typical
configurations used in the calculations for the IBS site at one antenna. We consider high
configurations of IBS-DAS with six technologies G900, U900, L800, L1800, L2100, and
N3500.
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Table 4.10. The configuration setup for IBS DAS.

2G 3G 4G 4G 4G 5G

Configuration G900 U900  L800 L1800 L2100  N3500

Freq. (MHz) 900 900 800 1800 2100 3500
Freq. BW (MHz2) 5 5 10 20 20 100
Total TXs 2 1 2 2 2 4
Total RXs 2 1 2 2 2 4
Power TX 1.3W 1.3W 1.3W 1.3W 1.3W 2W
Power p, 1.0 1.0 1.0 1.0 1.0 1.0
System Load 95% 95% 95% 95% 95% 95%
Ant. Gain 8dBi 8dBi 8dBi 10dBi 10dBi 11.1dBi

The calculations show that all horizontal Rcp-+ distances are longer than vertical Rep-v
distances. For the ICNIRP GP, the Rcp.-+ is 0.87 m compared to 0.40 m for the Rcp.v. For
the FCC, the Rcp-+ is 0.80 m compared to 0.36 m for the Rcp.yv. Figure 4.26 presents the

summarized distances.
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Figure 4.26. The CDs for IBS referenced to the ICNIRP and FCC limits.
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In [6], the FCC mentioned set 20 cm as the minimum compliance distance that should be
maintained between the users and the portable devices, and hotspots. However, the CD
distances in Figures 4.20 and 4.26 represent the distances at which the power density
reaches the limits regardless there is another minimum distance that should be considered
(20 cm). Additionally, the results in Figure 20 show the simulated CDs for the general
public are 48 cm and 30 cm horizontally and vertically, and in Figure 4.26 its 80cm and

60cm, which means all are less than 20 cm.

Figure 4.27 presents the power density Pp (W/m?) calculated at a distance (m) from the
DAS antenna, the results show that 5G N3500 has the highest Ppo compared to the other

technologies, and it reaches high levels at distances very close to the antenna (at less than
0.45 m).
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Figure 4.27. The PD from multi-technology IBS antenna.

Referring to the ICNIP and FCC limits for the GP, Figures 4.28 and 4.29 show the
exposure ratio for each technology calculated at a distance (m) from the DAS antenna.
The results show that 5G N3500 has the highest contribution in the TER at the CD.
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Figure 4.28. The exposure ratio for IBS site reference ICNIRP limits.
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Figure 4.29. The exposure ratio for IBS reference FCC limits.
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Figure 4.30 shows the summarized contributions of each technology at the compliance
boundary Rcp. For the ICNIRP, 5G N3500 contributes 26%, followed by 4G L800 with
20%, G900 and U900 at 18%, and L1800 and L2100 at 9% and 8% respectively. For the
FCC, 5G N3500 contributes 30%, the 4G L800 with 18%, G900 and U900 with 16%
each, and L2100 and L1800 with 10% each.
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Figure 4.30. The PD contribution per technology for IBS-DAS.

The boundary calculation using Equation (3.8) provides similar distances with slight
differences compared to calculations done without power factor. Table 4.11 summarizes
the comparison results, which show that the Rcp-pr distances are less than 2.5% in all

directions compared to the basic Rcp.
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Table 4.11. The CDs for IBS referenced to the ICNIRP and FCC limits.

Calculation Method Rep (m) Rep-pr (M) Delta (m) Delta %
INCIRP 0.89 0.87 -0.02 -2.5%
GP
FCC 0.82 0.80 -0.02 -2.5%
Rco-
INCIRP 0.40 0.39 -0.01 -2.5%
ow
FCC 0.37 0.36 -0.01 -2.5%
INCIRP 0.41 0.40 -0.01 -2.5%
GP
FCC 0.37 0.36 -0.01 -2.5%
Rep-v
INCIRP 0.18 0.18 0.00 -2.5%
ow
FCC 0.17 0.16 0.00 -2.5%

4.1.4. Summary of Compliance Distance Results

An enhanced formula is proposed to calculate the CD considering more factors to give an
accurate result. The study covered four main types of sites; macro, micro, small cell, and
indoor IBS site. For a typical site operating with 2G/3G/4G/5G, the compliance distance
results for the OW zone were less than the GP zone. The ICNIRP limits have slightly
more restricted boundaries compared to the FCC limits. For the macro site, the GP
horizontal CDs were 14.8 m and 13.8 m according to ICNIRP and FCC respectively.
Additionally, the 5G NR 3,600 MHz has the highest contribution with 34% and 39% from
the TER at the horizontal compliance distances. For typical configurations, the results
show that the ICNIRP horizontal CDs were 2.9, 0.53, 0.89 m for the micro, small cell,
and IBS sites respectively. For the macro site, the calculation involving the power
reduction factor (p,) gives ICNIRP horizontal CDs less by -34.5% compared to the
original equation, and less by -16.2% for vertical CDs. In the future, the research team
will investigate the CDs in the multi-operator with multi-technology colocated in a shared

tower scenario and the accumulated radiation contribution from neighboring sites.
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4.2. Complaince Distance of Site Sharing
4.2.1. Macro Site Sharing

The macro site is most type shared between MNO operators, because it commonly has a
bigger civil structure (towers, monopoles, rooftop, etc...), this study considered passive
sharing Macro site, as illustrated in Figure 4.31., to determine the total exposure and the

compliance distance using the proposed enhance equations (3.9) and (3.10).
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Figure 4.31. The CDs for macro sharing in tower site.

Typical configurations of macro sites equipped with multi-technology solutions were
used as input data for the calculations. The site was operated with six technologies: 2G
GSM at 900 MHz (G900), 3G UMTS at 900 MHz (U900), 4G LTE at 800 MHz (L800),
4G LTE at 1800 MHz (L1800), 4G LTE at 2100 MHz (L2100), and 5G NR at 3500 MHz
(N3500). The input data for each technology, including Tx/Rx, antenna gain, frequency
bandwidth, system load, and transmitting power, are listed in Table 5.1. For N3500, which
has a high grade of mMIMO (64T/64R), we used 0.22 as a realistic power factor. This
was taken from the interesting results and findings of the studies [9, 52, 53]; it indicates
that the realistic transmitted power of mMIMO reaches 16—22% of the maximum

equipment power when it operates at a full system load.
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Table 4.12. Configuration setup for macro site.

Site Setting 2G 3G 4G 4G 4G 5G
G900 U900 L800 L1800 L2100  N3500
Freg. Band (MHz) 900 900 800 1800 2100 3500
Freq. BW (MHz) 5 5 10 20 20 100
Total Tx 2 1 2 2 4 64
Total Rx 2 1 2 2 4 64
Power Tx 40W 40W 80 W 80 W 80 W 160 W
System Load 95% 95% 95% 95% 95% 95%
Ant. Gain 17 dBi 17dBi 16.7dBi 16.6dBi 17dBi 24.8 dBi

The site configuration data were utilized in Equation (3.9) to compute the vertical and
horizontal Rco (Rpc-w and Rpc.v), as displayed in Figure 5. The calculation outcome
expressed that all horizontal Rpc-+ distances were longer than the vertical Rpc.v distances,
and the ICNIRP has a little more restricted Rco compared with the FCC. In the main
antenna horizontal direction, the general public ICNIRP Rcp-w was 14.81 m when there
was a single MNO, while it increased to 29.6 m when 4 MNQOs shared the macro site. The
general public FCC Rcp-+ was 13.8 m when there was a single MNO, and it increased to
27.7 m for 4 MNOs. Figure 4.32 summarizes the Rep in both the vertical and horizontal
directions for the GP.
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Figure 4.31. CD for multi-operator sharing a macro site.

Further processing was carried out to analyze the total emitted power density and related
contribution to the total exposure ratio. Figure 4.33 depicts the power density PD (W/m2)
calculated at distance (m) from the antennae in the presence of four MNOs, and the
analysis showed that 5G N3500 had the highest PD among the technologies, and all
technologies reached high levels at distances very close to the macro site’s antenna (less

than 3 m).
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Figure 4.32. The power densities for the macro site shared by 4 MNOs.

With reference to the ICNIP for the GP, Figure 4.34 displays the exposure ratio for each
technology calculated by Equation (3.9) in the horizontal direction and TER for the macro
site shared by a single MNO, two MNOs, three MNOs, and four MNOs.
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Figure 4.33. The ER for macro sharing site with reference to ICNIRP limits.
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The results showed that 5G N3500 had the highest contribution at the Rcp with 34%,
followed by 4G L800 with 24%, 4G L1800 and L2100 with 9—10% each, and 2G G900
and 3G U900 with 11% each. Similarly, at the Rcp based on FCC limits, the highest
contributor was N3500 (39%), followed by L800 (21%), L1800 and L2100 (11% each),
and G900 and U900 (9% each). Figure 4.35 summarizes the exposure contributions of
each technology at the Rcp, and these were in line with the results found in [66] for the

power density.
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Figure 4.34. TER contribution per technology for Macro shared by 4 MNOs.

Equation (3.10) gives shorter compliance distances compared with the calculations
performed using Equation (3.6) because it is based on realistic rated power for the
mMIMO rather than the conservative power levels used in Equation (3.6). The Rcp
increased with the increase in the number of MNOs sharing the same location, Table 4.13
summarizes the percentage of the distance increase compared with a single MNO with
reference to the ICNIRP and FCC limits. It shows a +41% increase for 2 MNOs for all
standard limits, +73% for 3 MNOs, and +100 for 4 MNOs.
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Table 4.13. CDs for macro site shared by up to 4 MNOs.

Compliance Distance Rcp (m)

Himits 1IMNO 2X(I\)/IN % 3XMNO % 4XxMNO %
INCIRP 14.8 20.9 +41% 25.6 +73% 29.6 +100%
FCC 13.8 19.6 +41% 24.0 +73% 27.7 +100%
INCIRP 6.6 9.4 +41% 115 +73% 13.2 +100%
FCC 6.2 8.8 +41% 10.7 +73% 124 +100%
INCIRP 6.5 9.2 +41% 11.3 +73% 13.0 +100%
FCC 5.9 8.3 +41% 10.2 +73% 11.8 +100%
INCIRP 2.9 4.1 +41% 5.0 +73% 5.8 +100%
FCC 2.6 3.7 41% 4.6 73% 5.3 100%

Using the data in Table 4.12 as input for input for the site sharing formula Equation (3.13)
was used to scale up the increase in CD with the increased N of MNOs sharing the Macro

site, the results as shown in Figure 4.37.
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Figure 4.35. CD increment at Macro site shared by N number of MNOs.



4.2.2. IBS Indoor Site Sharing

Most of the traffic in mobile networks is generated from indoor houses and buildings [73],
and in some dense areas, huge buildings suffer from weak indoor single strength due to
construction loss [72], especially in public places such as airports, commercial malls,
cinemas, hospitals, hotels, universities, and commercial buildings. The in-building
solution (or indoor-based solution) provides indoor coverage by distributing the signal to
several antennae via a series of hubs (splitters), as shown in Figure 4.37. The IBS gives
additional leverage to strengthen the level and quality of wireless signals, thereby
ensuring smooth wireless communication for mobile network users. The operators install
the IBS inside massive buildings and high-rise towers, where the received coverage from
outdoor macro sites is weak due to the construction penetration losses. The IBS combines
all the technologies into one DAS in which each antenna provides coverage for a certain

zone as a hotspot [75, 76].

Figure 4.36. The shared IBS Indoor DAS site by 4 MNOs.
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The IBS-DAS consists of many connected antennae that are shared and energized from
the same radio transmitters in the splitting system. In this study, we looked at radiation
from a single antenna (one zone) using high-density configurations of a single IBS site

outfitted with multi-technology as shown in Figure 4.37.

Figure 4.37. The compliance distances for one IBS antenna.

The IBS was operated with six technologies: G900, U900, L800, L1800, L2100, and
N3500. The input data for each technology are listed in Table 4.14. They are similar to
those of the macro site but have less Tx power, lower antenna gains, and no mMIMO in
5G.
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Table 4.14. Configuration setup for shared indoor IBS.

Site Setting 2G 3G 4G 4G 4G 5G
G900 U900 L800 L1800 L2100  N3600
Freq. Band (MHz) 900 900 800 1800 2100 3500
Freq. BW (MHz) 5 5 10 20 20 100
Total Tx 2 1 2 2 2 4
Total Rx 2 1 2 2 2 4
Power Tx 1.3W 1.3W 13w 13w 13W 2W
System Load 95% 95%  95% 95% 95% 95%
Ant. Gain 8 dBi 8dBi 8dBi 10dBi 10dBi 11.1dBi

Similar to the macro results, the IBS results expressed that all Rpc-+ distances were longer

than the vertical Rpc.v distances, and the ICNIRP had a slightly more restricted Rcp

compared with the FCC. The general public ICNIRP Rcp-+ was 0.89 m when there was a

single MNO, but it increased to 1.74 m for four MNOs. Additionally, for the general

public, Rcp-H was 0.4 m when there was a single MNO, while it increased to 0.79 m for

four MNOs. Figure 4.38 shows the Rcp for the general public in both the vertical and the

horizontal direction.
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Figure 4.38. CDs for shared IBS reference to ICNIRP and FCC limits.

In addition, further processing was carried out to analyze the power density and its related
contribution to the total exposure ratio. Figure 4.39 presents the power density PD
(WI/m2) calculated at a distance (m) from the antennae, and the analysis showed that 5G
N3500 had the highest PD compared with the other technologies; it reached high levels

at distances very close to the DAS antenna.
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Figure 4.39. The PD from the antenna for the shared IBS site.

With reference to the ICNIP for the GP, Figure 4.40 displays the exposure ratio for each
technology calculated using Equation (3.9) in the horizontal direction and the total TER
for the IBS site shared by a single MNO, two MNOs, three MNOs, and four MNOs.
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Figure 4.40. The ER shared IBS site referencing ICNIRP limits.

The results showed that 5G N3500 MHz had the highest contribution to the TER at the
compliance distances for the ICNIRP with a contribution of 26%, followed by 4G L800
with 20%, 2G G900 and 3G U900 with 18% each, 4G L1800 with 9%, and 4G L2100
with 8%. Similarly, the N3500 had the highest contribution (30%), followed by 4G L800
(18%), 2G G900 and 3G U900 (16% each), and 4G L1800 and 4G L2100 (both with
10%). Figure 4.41 summarizes the exposure contributions of each technology at the Rcp,
and these were the expected results because the IBS site does not use a high grade of
mMIMO.
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Figure 4.41. TER contribution per technology for shared IBS site.

Similar to that of the shared macro site, with an increase in the number of MNOs, the Rcp
of the IBS increased with the same percentage for all references. Table 4.15 summarizes
the percentage of the distance increase compared with a single MNO with reference to
the ICNIRP and FCC limits. It shows an increase of +41% for two MNQOs, +73% for three
MNOs, and 100% for four MNOs.

Table 4.15. The compliance distances for shared IBS by up to 4 MNOs.

Compliance Distance Rcp (m)

Limits
IMNO 2xMNO % 3XxMNO % 4XxMNO %
INCIRP 0.9 1.2 +41% 15 +73% 1.7 +100%
FCC 0.8 11 +41% 14 +73% 1.6 +100%
INCIRP 04 0.6 +41% 0.7 +73% 0.8 +100%
FCC 04 0.5 +41% 0.6 +73% 0.7 +100%
INCIRP 0.4 0.6 +41% 0.7 +73% 0.8 +100%
FCC 04 0.5 +41% 0.6 +73% 0.7 +100%
INCIRP 0.2 0.3 +41% 0.3 +73% 0.4 +100%
FCC 0.2 0.2 +41% 0.3 +73% 0.3 +100%
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Additionally, in practice, it is difficult to find groups of MNO operators that share IBS
sites with the same configurations. However, using similar configuration as the input for
the site sharing formula Equation (3.13) was used to scale up the increase in Rcp with the

increased N of MNOs sharing the IBS, as shown in Figure 4.42.
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Figure 4.42. CD increment at IBS site shared by N number of MNOs.

4.2.3. Summary of Site Sharing Results

The EMF exposure compliance boundary for multi-technology, multi-operator site
sharing was discussed and analyzed using calculations that considered realistic
configurations, and the study covered two types of site sharing: macro and indoor IBS
sites. For a typical site operating with 2G/3G/4G/5G, the compliance distance results for
the general public zone were less than those for the occupational zone. The ICNIRP limits
were slightly more restricted than the FCC limits. For a macro site with a single MNO,
the general public’s horizontal Rcp distances were 14.8 m and 13.8 m according to the
ICNIRP and FCC, respectively. Furthermore, for a macro site shared by four MNOs, the
Rco distances were 29.61 m and 27.69 m according to the ICNIRP and FCC, respectively.
In addition, for all shared macro site scenarios, the 5G N3500 MHz had the highest
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contributions to the TER of 34% and 39% at the horizontal Rcp according to the ICNIRP
and the FCC, respectively. For the indoor IBS site with a single MNO, the general
public’s horizontal Rcp distances were 0.87 m and 0.8 m according to the ICNIRP and
FCC, respectively. In addition, for an IBS shared by four MNOs, the Rcp distances were
1.74 m and 1.6 m according to the ICNIRP and FCC, respectively. Moreover, for all
shared IBS site scenarios, the 5G N3600 MHz had the highest contributions to the TER
of 26% and 30% at the horizontal compliance distances according to the ICNIRP and
FCC, respectively. In the future, the research team will investigate the Rcp for the

accumulated radiation considering the neighboring sites.

4.3. Validation of the Proposed Expsoure Reduction

This section discusses in details the validation and the result of using the proposed
solution (design model) in section 3.3 to deconcentrate the total exposure ratio and reduce
the compliance distance for multi-technology site.

4.3.1. TER and CD Simulation for 3-Sectors BS

In the three-sector model, the sector’s directions are horizontally separated by 120-
degree, so in this study, the model uses 0/120/240 degrees for sectors 1/2/3. The
theoretical TER and CD figures are calculated for different scenarios of BSs that use a
three-sector and examines the de-concentration options by using different azimuths for

antenna directions using Equation (3.21).

Table 4.16 lists a typical configuration for a three-sector site used for the TER and CD
calculations. The BS is equipped with 6 technologies that transmit at the same time (GSM
at 900 MHz, UMTS at 900 MHz, LTE at 800/1800/2100 MHz, and NR at 2600 MHz). In
many countries, some operators run the 5G NR at higher frequencies such as 3.5GHz, or
millimetre waves (mM) 28/39 GHz, but here the 5G NR is taken at 2.6 GHz because the
calculations are validated in real-life sites operating with the same frequencies
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Table 4.16. The technology configurations of 3-Sector site.

Site Setting 2G 3G 4G 4G 4G 5G
900 900 800 1800 2100 2600
Freq. Band (MHz) 900 900 800 1800 2100 2600
Freq. BW (MHz) 4 4.2 10 10 20 60
Number of Tx 2T 1T 2T 2T 4T 64T
Number of Rx 2R 2R 2R 4R 4R 64R
Tx Power (Watt) 40 40 40 60 60 200
System Load 95% 95% 95% 95% 95% 95%
Ant. Gain (dBi) 16.6 16.6 16.2 16.5 17 24.8
Horizontal BW 60 60 65 65 65 65
Vertical BW 7.5 7.5 7.8 6 60 6.5
Ant. Tilt Angle -6 -6 -6 -6 -6 -6
Ant. Height 35m 35m 35m 35m 35m 35m

Mathematical simulations are carried out to determine the TER and CD results for the
proposed model using Equation (3.21) for the antenna’s azimuths compared to the normal
default azimuths where all antennas have the same direction. In this simulation, The TER

& CD are calculated for two types of scenarios as follows:

- Scenario A: Applying the default azimuth, where all the antennas (of one sector)
are directed in the same azimuth angle, this includes all technologies that transmit
toward one direction. This design is commonly deployed in life networks where
all technologies in one sector are connected to one multi-band antenna, or separate
antennas but directed in one direction. For both, all transmitters radiate in the same

sector direction as illustrated in Figure 4.43.

- Scenarios B, C, D, E, F: Applying the proposed model by using different
azimuths, the angle separation for each technology is calculated using Equation
(3.21). In B, two antennas are used per sector, the first antenna transmits the
900/800/1800/2100 MHz, and the second antenna transmits the 2600 MHz. In C,
three antennas are used per sector (1: G900/U900/L800, 2: L1800/L2100, 3:
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N2600). In D, four antennas are used (1: G900/U900, 2: L800, 3: L1800/L2100,
4: N2600). In E, five antennas are used (1: G900/U900, 2: L800, 3: L1800, 4:
L2100, 5: N2600). In F, six antennas are used (1: G900, 2: U900, 3: L800, 4:
L1800, 5: L2100, 6: N2600). Practically, the RF engineers design the antennas
according to the site requirements and of course consider the company’s strategy

for deploying the technologies as most of the networks start with the classic

system (2G, and 3G), then grow to advanced solutions including 4G and 5G.

A: One azimuth B: Two different azimuths C: Three different azimuths

D: Four different azimuths E: Five different azimuths F: Six different azimuths

Figure 4.43. Scenarios A-F of different number of antennas in one sector.

The simulation results are concluded in Table 4.17 listed the 2= values for each technology
(antenna) calculated for the corresponding scenario. Also, it shows the CD distances (in
meter) reference to ICNIRP for general public [47, 59], also it lists the reduction percent
compared to the default setup using one direction for all technologies of serio A. the
results show that using 2 azimuths in scenario B gives less compliance distance by 23.3%
compared to scenario A of having one direction. The 3 azimuths in scenario C gives
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35.9% less CD, the 4 azimuths in scenario D gives 39.8% less CD, the 5 azimuths in
scenario E gives 41.3% less CD, and the 6 azimuths in scenario F gives 43.4% less CD
compared to scenario A. Furthermore, Table 4.18 lists more detailed results of the
horizontal and vertical compliance distances for the mentioned six scenarios references
to both standards ICNIRP and FCC limits.

Table 4.17. The configurations and antenna azimuths of 3-Sector site.

. i Separation Angles (Degree) cD
Antenna'’s Sector Configuration CD .
. . . Reduction
Azimuths (Multi-Technologies) (m) %
GO | U9 | L8 | L18 | L21 | N26 (%6)
1 Azimuth (G9/U9/L8/L18/L21/N26) 120.0 15.58 0.00%
2 Azimuths (G9/U9/L8/L18/L21), (N26) 70.3 49.7 12.63 -23.3%
3 Azimuths (G9/U9/L8), (L18/L21), (N26) 47.9 224 497 | 1145  -359%
4 Azimuths (G9/U9), (L8), (L18/L21), (N26) 30.4 17.5 224 497 | 1113 -39.8%
5 Azimuths (G9/U9), (L8), (L18), (L21), (N26) 30.4 175 | 11.2 11.3 497 | 11.02  -41.3%
6 Azimuths (G9), (U9), (L8), (L18), (L21), (N26) 152 [ 152 | 175 | 112 | 113 | 497 | 1085  -43.4%

Table 4.18. The horizontal and vertical compliance distances for the general public and
occupational workers reference to ICNIP and FCC reference limits.

ICNIRP ICNIRP FCC FCC

Antenna’s Sector Configuration GP (m) oW (m) GP (m) OW (m)

Azimuths (Multi-Technologies)
CDnh CDv CDH CDv CDu CDv CDH CDv

1 Azimuth (G9/U9/L8/L18/L21/N26) 1558 251 6.97 112 1470 229 6.57 1.02
2 Azimuths (G9/U9/L8/L18/L21), (N26) 1263 192 534 086 11.27 176 5.04 0.79
3 Azimuths (G9/U9/L8), (L18/L21), (N26) 1145 160 4.46 072 941 147 421 0.66
4 Azimuths (G9/U9), (L8), (L18/L21), (N26) 1113 151 419 0.67 8.84 138 395 0.62
5 Azimuths (G9/U9), (L8), (L18), (L21), (N26) 11.02 147 4.09 066 8.63 134 3.86 0.60

6 Azimuths (G9), (U9), (L8), (L18), (L21), (N26) 10.85 142 394 063 831 130 3.72 0.58
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4.3.2. In Situ Assessment for TER Reduction

A field experiment is done in a life network to examine the results of the proposed model
by applying the antenna’s azimuths with angles calculated using Equation (3.21). To have
an accurate result, the experiment is done for 4 Macro BS sites (one cluster) that service
a residential populated district at Khubar city in the Kingdom of Saudi Arabia as shown
in Figure 4.44. The 4 sites belong to one public land mobile network operator (PLMN),
all sites have the same configuration of three-sector, and each is equipped with 6 systems
that transit as co-located in a multi-technology site.

e
A
i

3

Tk
1)

3
Hi iy : \ \:
8 | .
JUHID & e | R b 11F
| Rravd 5 S
\ ¥ W ARt G
s -
2\ NRETAINY W 8w [
=) . %r v '
5 ] . 1 .

-

-

e
i 5835

IS

! B

Figure 4.44. Location of 4 sites where the field experiment is done.

The 4 sites use 0/120/240 degrees for the sector’s azimuths, where the 0 degree starts
from the north geographical direction and increases clockwise. All the sites were
deployed with scenario B using two antennas, one for G9/U9/L8/L18/L21, and the second
antenna for N26. Initially, all antennas were directed toward the same azimuth and were
transmitted in the same direction. Then, the 2nd antennas of all sectors are redirected
(rotated) to new directions with azimuths 60/180/300 degrees which gives 60 degree as

horizontal separation angles between the two antennas in each sector.
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Two types of data are collected to assess the total exposure before and after applying the
antenna azimuth changes, and also to evaluate the effects (impact) on the coverage signal

level and capacity, as follows:

A. Power density field measurement (radiation meter).
B. TER from Geo-location data (system records).

C. Signal level field measurements (drive test).

D. Network’s OSS KPIs data (system records).

4.3.2.1. Power Density Field Measurement

Field measurements are conducted to measure the power density from two points in Site
1 (P1 and P2) as shown in Figure 4.45, and also from two points in Site 2 (P3 and P4) as
shown in Figure 4.46. The locations P1 and P3 are intentionally selected facing the initial
direction of the antennas at 0/120/240 degrees, and locations P2 and P4 are selected facing
60/180/300 degrees.

Figure 4.45. Site 1, location of P1 and P2 measurements.
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Figure 4.46. Site 2, locations of P3 and P4 measurements.

The SRM-3006 Narda [64] radio selective radiation meter is used for the measurements,
this tool supports a frequency range from 9.0 kHz to 6.0 GHz, and has a three-axis
isotropic antenna (E-field). Figure 4.47 shows the site and the meter position during the
field test at the selected site, and the meter was positioned facing the primary beam

direction of the antenna at a height of 2 meters on a tripod.
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Figure 4.47. The location the SRM radiation meter measurement.

The SRM-3006 was configured to scan the downlink (DL) frequency ranges, the team
collected approximately 7,200 measurement samples for each system technology at each
point with a scan rate of 0.67 sample/second. To have an accurate evaluation, all
measurements are conducted during the same time during the highest hours of traffic
(from 07:00 to 10:00 pm). For each point, the measurements are done twice, before the

antenna's azimuth changes (Pre), and after the azimuth change (Post).

Table 4.19 lists the results of the measured power density and TER at each point (for both
Pre-and-Post measurements). The results from site 1 show that TER decreased at point 1
by -5.41% while it increased at P2 by 5.95% with reference to the ICNIRP limit. Also,
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the results for site 2 show that TER decreased at point 1 by -5.52% while it increased at
P2 by +5.05% with reference to the ICNIRP limit. Furthermore, Table 4.19 listed the
TER increase/decrease for sites 1 and 2 in reference to FCC limits.

Table 4.19. The Pre and Post measured PD and TER.

Site Site 1: PD (mW/m2) Site 2: PD (mW/m2)
Measurement P1 p2 P3 P4
Location
Pre Post Pre Post Pre Post Pre Post
G900 0.26 0.26 0.21 0.21 0.23 0.23 0.21 0.21
U900 0.91 0.91 0.80 0.80 0.15 0.15 0.13 0.13
Power Density L800 0.43 0.43 0.33 0.33 0.49 0.49 0.39 0.39
(mWim2) L1800 1.12 1.12 1.02 1.02 1.15 1.15 1.05 1.05
L2100 2.04 2.04 2.00 2.00 2.02 2.02 1.82 1.82
N2600 5.85 5.15 4.86 5.52 6.39 5.74 5.59 6.11
TER 0.0013 0.0012 0.0011 0.0012 0.0012 0.0011 0.0010 0.0011
ICNIRP GP
TER (%) -5.41% 5.95% -5.52% 5.09%
TER 0.0012 0.0011 0.0010 0.0011 0.0017 0.0016 0.0015 0.0016
FCC GP
TER (%) -5.89% 6.47% -6.23% 5.71%
TER 0.0003 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002  0.0002
ICNIRP OW
TER (%) -5.41% 5.95% -5.52% 5.09%
TER 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002  0.0002
FCC ow
TER (%) -5.89% 6.47% -5.84% 5.37%
4.3.2.2. TER Evaluation form Geo-Location Data

The TER is evaluated for the whole cluster before and after the antenna changes (Pre-
and-Post) using the geo-location data recorded in the OSS system. The network OSS
archives the daily (and hourly) statistics and information about network traffic and
performance, this includes counters and key performance indicators. It also includes geo-
location data that contains the information associated with handset devices connected to
the network such as the radio conditions (received signal level, channel quality, etc..) with

the associated coordinates.
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The received levels of all technologies from all devices in the cluster (within the polygon
of the test area) are recorded before and after the azimuth changes, and it’s used to
calculate the TER [41]. The geo-location system gives the data as average for pixels of
50x50 meters each, the area under this test consists of 954 pixels within the cluster
polygon of 2.3 Km?,

The geolocation data is collected and calculated for two weeks period, one week before
and one week after the antenna azimuth change. Figure 4.48 summarizes the results which
show the average Pre TER is 23.4x10-6, and it decreased to 18.91x0-6 after antenna

azimuth is changed, this reduction is an improvement of -19.23% in average TER.

Pre (before azimuth changes) Post (after azimuth changes)

TER

.l.u to 10510
. 10x10™ to 5x10°°

.5;10*‘ t0 10x10°
10x10° to 5x107
5x107 10 0.0

Average TER = 23.4x10°® Average TER = 18.9x10° (-19.23%)

Figure 4.48. The Pre and Post TER form Geo-location records.

Also, the TER distribution is evaluated and the results show that the higher range of TER
(1.0 to 10x10-4) was counted for 17.0% on total pixels pre the antenna changes, and it
decreased to 2.7% after antenna azimuth is changed as listed in Table 4.20. As a
consequence, results, the lower range of TER (5x10-7 to 0.0) is increased from 16.7% to
10.2%. These results state that the total exposure is deconcentrated when separate
directions are used for antennas azimuths.
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Table 4.20. The TER distribution (Pre and Post) for the test cluster.

Pre Post
TER

Pixel Count Pre % Pixel Count Post %
1.0 to 10x10-4 162 17.0% 26 2.7%
10x10-4 to 5x10-5 98 10.3% 269 28.2%
5x10-5 to 10x10-6 368 38.6% 399 41.8%
10x10-6 to 5x10-7 167 17.5% 163 17.1%
5x10-7 t0 0.0 159 16.7% 97 10.2%
Total Pixel 954 954

4.3.2.3. Signal Level Field Measurement

Drive test field measurements were conducted to evaluate the effect of azimuth rotation
on the network received signal levels from all technologies. The team used Test of Mobile
System (TEMS) Investigation v20 [33] which was installed on a laptop PC and connected
to GPS and three mobile user equipment (UE), as seen in Figure 4.49. The UEs were
mounted inside a vehicle in front of the dashboard at a height of 1.3 to 1.5 meters from
the ground, and each UE was locked to measure single technology Rx signal level. The
measured samples were taken every 0.5 seconds for each UE, with over 3,290
measurement samples for each technology. The measurements are stored in log files
together with the relevant time and GPS coordinates. The collected measurements include
Rx signal level in dBm of the Broadcast Common Control Channel (BCCH) for 2G, the
Received Signal Code Power (RSCP) for 3G, the Reference Signal Received Power
(RSRP) for 4G, and the Secondary Synchronization Reference Signal Received Power
(SS-RSRP) for 5G.
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Figure 4.49. The tool setup for field drive test measurements.

The drive test log files are imported and post-processed using MapInfo Pro software [89],
and the Rx levels for each technology are evaluated for pre-and-post measurements. Table
4.21 summarizes the results that show the average coverage level in dBm and the delta of
Pre vs Post, it indicates that there is no major drawback in signal level in the whole cluster

for all technologies.
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Table 4.21. The Pre and Post Rx Levels from drive test measurements.

G900 U900 L 800 L1800 L2100 N 2600
Measurement Layer
BCCH RSCP RSRP RSRP RSRP SS-RSRP

Pre -68.9 -72.1 -77.6 -82.9 -83.3 -79.2
Average
Rx Level Post -69.3 -71.3 -77.0 -82.0 -82.6 -79.6
(dBm)
Delta (dB) 0.4 -0.8 -0.6 -0.9 -0.7 0.4

For example, in Figure 4.51 and 4.51, the Rx levels are plotted in the cluster map to
display the details of the coverage levels and distribution for L800 and N2600
technologies. The results show the RSRP for L800 almost remains at the same average
levels with -77.6 dBm at Pre and -77.0 dBm at Post with -0.6 dB delta, and have the same
RSRP accumulated distribution among the cluster area. Also, the same results are
obtained for N2600, the SS-RSRP almost remains at the same levels with -79.2 dBm at
Pre and -79.6 dBm at Post with 0.4 dB delta. The minor differences in the measurements
Pre vs Post are due to the rotation of the antenna directions where some locations have
received higher signal levels and some have received lower levels compared to before
applying the model depending on the antenna’s main beam directions, mainly this due to
the constructions in the area (the buildings and houses) as it remains in the same places

while the antenna’s directions have been changed which affect the signal propagation.
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Figure 4.50. 4G Rx level: (A) Pre level, (B) Post level, (C) Accumulated RSRP.
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Figure 4.51. 5G Rx level: (A) Pre level, (B) Post level, (C) Accumulated SS-RSRP.

4.3.2.4. OSS Performance Records

Operation support system for mobile network often uses system row counters and
statistics typically refer to a variety of metrics and data records that aid in network
performance management and monitoring [88]. In this work, some of OSS key
performance indicators (KPIs) are employed to evaluate the behaviour of the cluster under
this study before and after applying the antenna azimuth changes which were
implemented on the 09th of January 2024. The daily data were recorded for a continuous

six weeks, three weeks pre, and three weeks post to the date of the change.

Figure 4.52 shows the total daily carried traffic by the 5G N2600 for the whole cluster (4
sites), and also the system load percentage recorded based on the PRB utilization. The
traffic trend shows no significant change after the implementation date where the average
traffic was 1.16 TB and became 1.18 TB, and the PRB utilization was 14.4% and became
14.5% with 0.7% increment.

Also, for N2600, Figure 4.53 shows the daily total number of active connected users
(simultaneous connection) and the user’s throughput, the trend shows a very slight
increase in connected users from an average of 295 to 305 users per day. And, there was
almost no significant change in the user’s throughput which was 78.7 Mbps and became
78.3 Mbps with -0.6% reduction.

Another two important metric performance indicators are collected, the admission call
setup success rate (CSSR) and the HO success rate (HOSR), and for both the daily trend
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remains within the same average values as shown in Figure 4.54 where CSSR was 99.8%
during Pre and Post, and the HOSS was 99.0% with slightly decreased to 98.9% with -
0.1% reduction.
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Figure 4.52. The traffic and PRB utilization of 5G N2600.
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5G N2600 Conncted Users & Throughput
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Figure 4.53. The connected users and throughput of 5G N2600.
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Figure 4.54. The CSSR and HOSC of the 5G N2600.
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Very similar behaviour was observed for the 4G technologies from the OSS records which
are collected for all LTE cells (including L800, L1800, and L2100) and combined to
generate LTE reports for the whole cluster. Figure 4.55 shows the total daily carried
traffic by the 4 LTE sites and their PRB utilization. The traffic trend displays no
significant effect after the implementation date where the average traffic was 4.71 TB and
became 4.72 TB with 0.5% increment, and the PRB utilization was 42.7% and became

42 .5% with -0.4% reduction.

Likewise, Figure 4.56 shows the active connected users were 999 and became 1,008 users
with a 0.9% increment. The user’s throughput was 20.4 Mbps and became 20.3 Mbps
with a -0.4% reduction. Also, Figure 4.57 displays that both CSSR and HOSR remain
with the same percentages at 99.9% with no changes before and after the implementation
date.
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Figure 4.55. The traffic and PRB utilization of 4G LTE.
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Figure 4.56. The connected users and throughput of 4G LTE.
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Figure 4.57. The CSSR and HOSC of the 4G LTE.
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Although the 2G and 3G technologies are on the way to being switched off, it’s still
carrying some traffic in this cluster and it’s included in the implemented antenna azimuths

in this test. Similar to LTE and NR, the OSS records show no major change in 2G and 3G
performance.

Figure 6.19 shows the total daily carried traffic by all 3G sites with CSSR and HOSR, the
traffic trend displays no significant effect after the implementation date where the average
traffic was 276 GB and became 277 GB with a 0.6% increment, and both CSSR and
HOSR remains with the same percentages at 99.9%.
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Figure 4.58. Traffic, CSSR, and HOSC for 3G UMTS.

Finally, for all 2G sites, Figure 6.20 shows the CSSR and HSSR trends with no major
changes, and both remain with the same percentages at 99.9%.
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2G CSSS & HO Success Rate
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Figure 4.59. The CSSR and HOSR for 2G GSM.

4.3.3. Applications of the Proposed Reduction Solution

Reducing the TRE is the goal of the suggested method, and doing so will inevitably
shorten compliance distances. On the other hand, neither the site performance nor the site
coverage levels are impacted by the suggested approach.

Nearly all national regulators require that the compliance borders be exclusive,
inaccessible areas for the general public and shall be marked with warning signs or other
obstacles to keep people out. To implement the compliance requirement, it is necessary
to determine the compliance distances. The easier it is for mobile operators to meet the
standards, the lower the compliance limits. The authors see these requirements can be
assessed in the design phase before implementation, and small adjustments to the antenna
orientations can be made using the proposed model to shorten the compliance distances
for the necessary cases, particularly for wall-mounted and rooftop sites where the

antennas usually will be placed in close proximity to accessible areas.
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Also, the mobile operators continue expanding their networks by adding and deploying
new technologies such as the 5G NR into the existing on-air sites following the current
sector’s direction, this approach increases the total exposure ratio and consequently
extends the compliance boundaries. For some sites, extending the compliance boundaries
to bigger ranges might reach accessible areas specifically for some rooftop and wall-
mounted sites. in these kinds of situations, the authors believe that the proposed solution
is advantageous and can assist in reducing the compliance distances without affecting

network performance or coverage.

4.3.4. Results Summary of the Exposure Reduction

A design model to de-concentrate and reduce the overall exposure ratio from sectorized
antennas of the multi-technology base station was proposed in this study. The model uses
the weighted antenna’s azimuth to spread the total exposure by horizontally separating
the installed antennas in the same sector. A set of simulations is carried out to calculate
the reduction in total exposure for widely commonly used antenna deployment setups in
multi-technology mobile networks. For three-sectors BS operating with six technologies,
the simulation results show the compliance distance is reduced by -23% when using two
antennas (two different azimuths) compared to using one azimuth, reduced by -35.9%
using 3 azimuths, -39.8% using 4 azimuths, -41.3% using 5 azimuths, and by -43.4%
when using 6 azimuths. A field test is done in a life network serving in a geographical
cluster that consists of 4 sites, the results show that the TER is reduced by -19.23% after
the antennas azimuths are changed with separation angles calculated using the proposed
model. Further, the OSS system performance records and counters were analysed to
evaluate the impact of the model on the network coverage and capacity. Overall, the
system records show no significant impacts were registered on network coverage level
and capacity performance for all transmitting technologies of the sites involved in the
test. The proposed solution is beneficial and can help mobile operators minimize the
compliance boundaries without impacting the network coverage and performance
especially for rooftop and wall-mounted sites where the antennas are installed in close

areas accessible to the general public.
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4.4. Far Field Exposure Assessement Results

4.4.1. Assessment Process

A set of related activities are performed according to the process flow as shown in Figure
4.60. Field measurements were collected for selected sites, and the results were used to
calibrate the simulation tool propagation model to achieve higher accuracy by fine-tuning
the propagation model parameters and correction factor, both of which depend on the
environment type. The simulation was performed to predict the Rx signal levels of each
technology for selected sites. Using the predicted Rx level results for each technology (2G,
3G, 4G, 10T, and 5G), the exposure level emitted from each technology is calculated in
terms of power densities, which are used as input to calculate the total exposure ratio (TER)

and to analyze its related characteristics and behavior for different scenarios.

- Field
Sgessu?‘tlt;gy — Measurements
(TEMS & GENE-Prob)
Propagation Simulation & Sites
Models —> Predication <+— Configuration
Calibration (Plant & WINXcloud) Input Data
No Rx Level Ok
Results —> Rx Levels —
ok l
Exposure »  Power -
Calculations Densities
TER
Calculations TERs |
Results
Analysis hdll

Figure 4.60. The process used for EMF exposure assessment.
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4.4.2. In-Situ Description

Real network sites belonging to one operator in the Kingdom of Saudi Arabia (KSA) are
used in this study, and all sites include multi-technology 2G/3G/4G/10T/5G coexisting in
the same site tower, and all are on-air in service at the same time. The used site
configurations and related data are typical for the current operating network that provides
actual results based on the actual setup, and this was our main purpose for using live
network data. Of course, other networks might have different settings, which may lead to
different results. To enrich this study, four sites were selected to represent four assessment
scenarios. Site-1 is located in a dense area in the downtown of Dammam city in the eastern
region, this site services dense commercial and residential areas. The antennas of all
technologies are installed on the building rooftop at 20 m height from ground level. Figure
4.61. shows the site location on the Google Earth map, and Table 4.22 shows the site data

and operating configurations.
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Figure 4.61. The geographical location of Site-1 in the dense area.
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Site-2 is located in an urban area in Khubar city in the eastern region. This site services
mainly residential areas with some commercial area near the Arbian Gulf coast, and the
antennas of all technologies are installed on the building rooftop at 25 m height from
ground level. Figure 4.62 shows the site location on the Google Earth map, and Table

4.22 shows the site data and operating configurations.
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Figure 4.62. The geographical location of Site-2 in the urban area.

Site-3 is located in a suburban area in Dhahran city (in eastern region, Kingdom of Saudi
Arabia), which is a purely residential area. The antennas of all technologies were installed
on the greenfield monopole tower at a height of 30 m from the ground level. Figure 4.63
shows the site location on the Google Earth map, and Table 4.22 shows the site data and

operating configurations.
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Figure 4.63. The geographical location of Site-3 in the suburban area.

Site 4 is located in a rural area on the highway to Dammam International Airport, which
is located 30 km from Dammam city. This site services highway roads and is under the
construction of new residential areas. The antennas of all technologies were installed on
the greenfield tower at a 60 m height from the ground level. Figure 4.64 shows the site
location on the Google Earth map, and Table 4.22 shows the site data and operating
configurations.
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Figure 4.64. The geographical location of Site-4 in the rural area.

4.4.3. Site Configurations Setup

In this study, the same configurations and setups were used for the four sites, including
Tx/Rx hardware, equipment types, antenna gain, bandwidth, frequency ranges, and
transmitting power. Except for the antenna heights, the antennas were installed at
different heights in each scenario. These are the actual on-air operating configurations,
and this was intentionally considered in this study to evaluate the radiation emissions
based on actual scenarios. At each site, 3-sector BTS is installed per technology, and
antenna azimuths were horizontally directed with a 120-degree spacing between every
two sectors (each sector cover 120 degree).

At the four sites, the 2G GSM 900 MHz and 3G UMTS 900MHz were transmitted from
the same radio remote unit (RRU) that was connected to the crossed-polarized antenna
by a coaxial feeder. The RRU is connected down through the common public radio
interface (CPRI) front-backhaul to the base-band unit (BBU) that handles and controls
radio processing, as illustrated in Figure 3.6. The RRU power was spilled between the

GSM and UMTS, and the final configuration setup is shown in Table 3.1.

129



Table 4.22. Configuration Setup of the Selected Sites

Site Setting 2G 3G 4G 4G 4G 5G
G900 U900 L800 L1800 L2100 NR2600
Freg. Band (MHz) 900 900 800 1800 2100 2600
Freq. BW (MHz) 400 4.2 10 10 20 60
Number of Tx 2T 1T 2T 2T 4T 64T
Number of Rx 2R 2R 2R 4R 4R 64R
Total Power (Watt) 40 40 80 40 40 96
System Utilization 95% 95% 95% 95% 95% 95%
Ant. Gain (dBi) 17 17 16.7 16.6 17 24.8
Horizontal BW 60° 60° 65° 65° 65° 65°
Vertical BW 7.5° 7.5° 7.8° 6° 6° 6.5°
Ant. Tilt Angle -6° -6° -6° -6° -6° -6°
Ant. Height. Dense 20m 20m 20m 20m 20m 20m
Ant. Height. Urban 25m 25m 25m 25m 25m 25m
Ant. Height. Sub-Urban 30m 30m 30m 30m 30m 30m
Ant. Height. Rural 60 m 60 m 60 m 60 m 60 m 60 m

Similar to the 4G LTE 1800 MHz 2100MHz, both were transmitted from the same RRU,
which was also connected to the crossed polarized antenna by a coaxial feeder, and the
RRU power was spilled between both. The 4G LTE 800 MHz was installed in a separate

RRU connected to a separate antenna.

AAU
-
Feeder i
RRU 1%
| ! ’
CPRI CPRI

Front-haul Front-haul
e —_—

Figure 3.6. Connectivity setup of RRU used for 2G/3G/4G and the AAU used for 5G.
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The 5G NR 2.6 GHz were transmitted from the massive-MIMO 64T/64R active antenna
unit (AAU), which is a physical hardware unit consisting of an integrated radio unit with
anantenna. Most technology vendors designed the AAU as a compact practical solution
instead of using a large number of antennas, such as the 64 antennas required to transmit
the 64T/64R massive-MIMO.

4.4.4. NB-10T Configuration

The narrow band IoT (NB-IoT) allows access to network services via LTE [31] with a
bandwidth-limited channel to a maximum of 200 kHz [32]. The investigated sites in this
study transmitted NB-1oT at 800 MHz with a one-channel 180 kHz bandwidth that
consists of 12 subcarriers each at 15 kHz and has the same LTE frame structure as one
radio physical resource block (PRB). The NB-10T is transmitted from the same 2T/2R
RRU hardware used by the 4G FDD LTE 800 MHz (Frequency Division Duplexing) and
connected to one antenna with a 17.6 dBi gain. The total power (80 W) of this IoT/FDD
RRU is equally distributed over a total of 50 PRBs (one PRB for 10T, and 49 PRBs for
FDD).

4.4.5. Field Measurements

Field measurements were conducted using two types of drive test tools in different fixed
locations around the four selected sites. The first tool is the Test of Mobile System
(TEMS®) Investigation v20 [33], and the second tool is the Huawei GENE-Prob-5. Both
tools have software installed on a laptop PC and connected to three mobile user equipment
(UE) and GPS antenna (Global Positioning System), and all were mounted inside a car in
front of the dashboard at 1.3-1.5 m height, as shown in Figure 4.65. The tool collects the
Rx signal levels from the 3 UEs for one technology at the same time (average results from
3 UEs are used later as input to calibrate the simulation tool). The measurements are
recorded in log files with related time and GPS coordinates, and the measured samples
were collected every 0.5 s for each UE with more than 2,500 measurement samples for
each technology at each fixed location. The measurements were collected in fixed places
located at different distances and covered the coverage area of the site. The collected
measurement for 2G GSM900 includes the Rx level in dBm of the broadcast common
control channel (BCCH), and for 3G UMTS900 includes the received signal code power
(RSCP) levels in dBm. The 4G FDD LTE includes the reference signal received power
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(RSRP) levels in dBm. 5G includes Secondary Synchronization Reference Signal
Received Power (SS-RSRP) levels in dBm.

Figure 4.65. Photo of the car drive test tool used for field measurements.

3. 3. Results and Discussion

3. 3. A. Measurement Results and Simulation Calibration

The measurement data from the drive test (Rx Levels in dBm at different locations from
the sites) were used to calibrate the simulation tool input [44], including the propagation
model setup as described in section 3.4. The final simulated Rx-Level results for all
technologies were compared with the measurement data though point-to-point
comparison, and the measurements were found to be lower than the simulated results for
all technologies, as shown in Figure 4.66. For example, in 5G NR at 2600 MHz, the
average measured SS-RSRP is -78.4 dBm, and the simulated SS-RSRP is -71.6 dBm.

132



E Measurement = Simulation

2G G900 3G Us00 4G L1800 4G L2100
0.0

==

-20.0

-40.0

-60.0

-80.0

-78.4

-100.0
98.

N

-120.0

Figure 4.66. Measurement vs. simulation for Rx signal levels.

The difference between the measured and simulated values of the final calibrated tool
was calculated in terms of the mean error in dB, which reflects the signal loss due to in-
car penetration. Table 4.23 shows the mean error for each technology, which indicates
that the lowest mean error is 6.0 dB for 2G GSM 900 MHz, and the highest is 7.2 for 4G
LTE 1800 MHz. These results closely match and are in line with the results published in
[45, 46].

Table 4.23. Mean Error between Measured and Simulated Signal Levels

Average 2G 3G 4G 4G 5G
Signal Level G900 U900 L1800 L2100 NR2600
Measurement (dBm) -66.6 -59.1 -100.7 -98.2 -78.4
Simulation (dBm) -60.7 -51.2 -93.5 -92.1 -71.6
Mean Error (dB) 6.0 7.9 7.2 6.1 6.8
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4.4.6. Rx Signal Level Prediction Results

The COST231-Hata propagation model of Equation (3.24) is used in the simulation to
predict the RX level for the 2G GSM and 3G UMTS at 900 MHz. In addition, the UMa-
4G propagation model of Equations (3.24 and 3.25) is used to predict the 4G LTE FDD
(800, 1800, and 2100 MHz) RSRP level, and the UMa-5G propagation model of
Equations (3.27 —3.29) is used to predict the 5G NR (2.6 and 3.7 GHz) SS-RSRP levels.
The calculations were performed for the 4 sites that represent dense-urban, urban,
suburban, and rural cases. As an example, Figure 4.67 shows the RSRP level in dBm
distribution for 5G NR at 2.6 GHz for the suburban area within a 1.5 km radius from the
site.

-95 dBm to -105 dBm
' -105 dBm to -120 dBm &

o demandseion U1

Figure 4.67. Site-1 (suburban area) simulated Rx RSRP (dBm) for 5G NR 2600 MHz.

The mentioned TX power in Table 3.3 is the total power in watt for all transmitters in
each technology, for example the 2G G900 has 2 TRXs with a total power of 40 watts
(each TRX transmit 20 watts). So, the actual used 5G EIRP (Equivalent isotropic radiated
power) is 56.6 dBm which is the lowest one and 3G U900 has the highest EIRP (63 dBm.
The simulation results of the predicted Rx signal levels were exported and processed to

obtain the maximum levels at each 10 m distance step from the site (aggregated for all
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directions) up to a 1.5-km radius from the site. Figure 4.68 shows the Rx level for all
technologies (dBm) for the site in the dense area scenario with the highest strength levels
registered from 2G GSM and 3G UMT at 900 MHz and the lowest strength levels
recorded from 4G FDD LTE at 1800/2100 MHz.
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Figure 4.68. Site-1 (dense area) simulated Rx level (dBm) for all technologies.

The 5G NR 2.6 GHz results show that signal levels are low in the areas close to the site
at a distance of less than 200 m, and the highest signal levels are registered after
approximately 200 m. Then, Rx starts to degrade as the distance increases. For distances
farther than 200 meters, AAU massive MIMO with beamforming shows good
performance in the Rx signal degradation trend compared to 2G/3G/4G, which has a
higher signal degradation rate. The simulation results and behaviors were similar for the
urban and suburban sites, as shown in Figures 4.69 and 4.70. For the rural area site, the
Rx levels were calculated for the entire coverage area of up to 6 km, as shown in Figure
4.71. The Rx signal degradation trend with increasing distance was found to be similar to

the behavior of dense, urban, and suburban sites.
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Figure 4.69. Site-2 (urban area) simulated Rx level (dBm) for all technologies.
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Figure 4.70. Site-3 (suburban area) simulated the Rx level (dBm) for all technologies.
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Figure 4.71. Site-4 (rural area 6 km) simulated the Rx level (dBm) for all technologies.

The used EIRPs are reflected in the results of Rx level simulation, for example in the
dense area site, the RX signal level results show 2G 900 and 3G 900 have higher EIRP
compared to 5G 2600 and 4G L800/L1800/L2100. But, the 5G that has massive MIMO
with beamforming shows good performance in the Rx signal degradation trend compared
to 2G/3G/4G, which has a higher signal degradation rate.

4.4.7. Power Density Results
The total power densities were calculated at each point around the site and for all

technologies of technology. The predicted Rx levels of the simulation results were used
as inputs for the power density calculations considering each technology configuration
setup, as listed in Table 3.22. The 800 MHz results include the combined power density
for both 4G-FDD-LTE and NB-IoT. For the four scenarios (dense, urban, suburban, and
rural), the obtained results show that the power densities from all technologies
(2G/3G/4G/5G) are low compared to the reference limit, which is consistent with the
results of previously published studies [18, 23, 35, 41, 47-51] related to this work.

For the dense area site, as shown in Figure 4.72. the total power densities trend with

increasing distance from the site. The evaluation of each technology shows that the whole
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average Sinc (power density) is recorded as the highest at 35.1 uW/m? for 5G, which is
0.0000351% from the ICNIRP reference level of 10 w/m?, and this is only for 5G at 2.6
GHz technology but accumulation with other technologies is calculated using TER. Then,
15.4/8.5 pW/m? are recorded for 4G L2100/L.1800, 5.2/4.4 uW/m? for 2G/3G 900, and
2.4 pW/m?for 10T/L.800, as shown in Figure 4.73.
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Figure 4.72. Site-1 (dense area) simulated the total power density per technology.
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Figure 4.73. Site-1 (dense area) the simulated exposure ratios for all technologies.
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For the urban area site, Figure 4.74. shows the total Sinc trend with increasing distance,
and the evaluation results show that the highest average Sinc recorded value is 36.1 pW/m?
for 5G, 12.0/11.0 pW/m? for 4G L1800/L.2100, and 9.5/3.0 uW/m? for 3G/2G 900, and
the lowest Sinc is 0.5 pW/m?for 10T/L800, as shown in Figure 4.75.
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Figure 4.74. Site-2 (urban area) simulated the total power density per technology.
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Figure 4.75. Site-2 (urban area) the simulated exposure ratios for all technologies.
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For the suburban area site, Figure 4.76. shows the total Sinc trend with increasing distance,
and the evaluation results show that the highest average Sinc recorded value is 29 uW/m?2
for 5G, 9.0/5.5 uW/m? for 4G L1800/L.2100, and 10.4/3.1 uW/m? for 3G/2G 900, and the
lowest Sinc is 0.8 uW/m?for 10T/L800, as shown in Figure 4.77.
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Figure 4.76. Site-3 (suburban area) simulated the total power density per technology.
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Figure 4.77. Site-3 (suburban area) the simulated exposure ratios for all technologies.
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For the rural area site, the calculated Sinc is evaluated for two zones, within 1.5 km (Figure
4.78) and up to 6 km (Figure 4.79), and the evaluation results for 1.5 km show that the
highest average Sinc recorded value is 22.6 pW/m? for 5G, then 4.6/2.5 uW/m? for 4G
LL2100/L1800, and 4.6/4.4 pW/m? for 2G/3G 900, and the lowest Sinc is 2.5 pW/m? for
l0T/L800. The evaluation results for 6 km show that the highest average Sinc is 5.7 mW/m?
for 5G, then 1.13/0.61 uW/m? for 4G L2100/L1800, and 1.14/1.08 uwW/m? for 2G/3G
900, and the lowest Sinc is 0.63 pW/m? for 10T/L800 as shown in Figure 4.80.
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Figure 4.78. Site-4 (rural area) simulated total power density at 1.5 km.
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Figure 4.79. Site-4 (rural area) simulated total power density at 6 km.
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Figure 4.80. Site 4 (rural area) the simulated exposure ratios for all technologies.

4.4.8. Exposure Ratio and TER Results

The accumulated TER was calculated for the four scenarios, and the simulated power
density Sinc results with reference standard limits. The obtained results show that the
maximum TER is very low compared to the ICNIRP limit, specifically it is 10.5x107 for
the dense area, 8.8x10° for the urban area site, 6.2x10 for the suburban area, and 5.6x10°
> for the rural area. These results are in agreement with the studies published in [18, 23,
35, 41, 47-51]. Of note, these studies were focused on assessment for one technology, and
in this work, the results present the accumulated TER.

Furthermore, the TER is analyzed to evaluate the contribution of each technology, which
addresses and provides indications about forecast radiation increases for future incoming
technologies and expansions. Therefore, we added a second technology of 5G NR at a
frequency of 3.7 GHz, which is expected to be deployed at the same sites, including
64T/64R AAU with 180 watts, 100 MHz bandwidth, and the same antenna heights as
other technologies. The analysis of results for the dense area shows that TER is very low
compared to the ICNIRP, with the highest being 0.0114% from the maximum limit. TER
distribution Figure 4.81 shows that the addition of the first technology of 5G NR2600
(co-location with exiting 2G/3G/4G) raises the TER by 68% and the addition of the
second technology of 5G NR 3700 raises the TER by 27%, so the total increase due to
5G technologies is 114%, which makes the 5G contribution to TER approximately 53%.
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Figure 4.81. Site-1 simulated increments in TER due addition of 5G2600 and 5G3700.

The urban area analysis also shows that TER is very low compared to the ICNIRP, with
the highest being 0.0104% from the maximum limit. TER distribution Figure 4.82 shows
that the addition of the first technology of 5G NR2600 (co-location with exiting
2G/3G/4G) raises the TER by 68%. The addition of the second technology of 5G NR
3700 raises the TER by 76%; thus, the total increase due to both 5G technologies is 195%,
which makes the 5G contribution to TER approximately 66%.

Total Exposure Ratio(TER)
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Figure 4.82. Site-2 simulated increments in TER due addition of 5G2600 and 5G3700.
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The suburban area analysis also shows that TER is very low compared to the ICNIRP,
with the highest 0.098% from the maximum limit. TER distribution Figure 4.83 shows
that the addition of the first technology of 5G NR2600 (co-location with exiting
2G/3G/4G) raises the TER by 62% and the addition of the second technology of 5G NR
3700 raises the TER by 47%; thus, the total increase due to 5G technologies is 137%,
which makes the 5G contribution to TER approximately 53%.
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Figure 4.83. Site-3 simulated increments in TER due addition of 5G2600 and 5G3700.

The rural area analysis also shows that TER is very low compared to the ICNIRP, with
the highest being 0.0066% from the maximum limit. TER distribution Figure 4.84 shows
that the addition of the first technology of 5G NR2600 (co-location with exiting
2G/3G/4G) raises the TER by 68%. The addition of the second technology of 5G NR
3700 raises the TER by 64%; thus, the total increase due to both 5G technologies is 175%,
which makes the 5G contribution to TER approximately 65%.
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Figure 4.84. Site-1 simulated increments in TER due addition of 5G2600 and 5G3700.

4.4.9. Summary of Far-Field Assessment

This study assessed the EMF exposure radiation for specific single sites in dense, urban,
suburban, and rural areas considering multi-technology simultaneously operating and co-
located at the same site, including 2G, 3G, 4G, IoT, and 5G. The assessment was
performed through simulation tools using propagation models to predict the Rx levels,
and the tool was calibrated using field measurements. The Rx level results were used to
calculate the power densities at different distances from the sites, and the total exposure
ratios were calculated from the power densities. The obtained results show that the power
densities and total exposure ratios are low for the four area scenarios compared to the
ICNIRP standard reference limits. Further studies will be conducted to investigate and
assess the RF-EMF radiation exposure at the near field for single sites and groups of sites
and surrounding sites in the whole area considering multi-technology and multi-operator
coexistence. Additionally, further studies are required to investigate the exposure
considering other factors, such as traffic load (system utilization), time-averaged power

and spectral efficiency.
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Chapter Five: Conclusion and Recommendation

5.1. Conclusion

This study addressed an important problem related to total accumulated EMF radiation
levels emitted from mobile network base station in the situation of the co-existing multi-
technology transmitting from the same site, belwo are the conclusions summarized in four

points:

1. The accurate calculations are essential in determining compliance distances from
mobile tower base station sites to ensure that EMF exposures are within regulatory
limits. This investigation of the EMF compliance safety boundary for multi-
technology situation considered the real configuration scenarios and power reduction
factor for 5G mMIMO technology. An enhanced formula is proposed to calculate the
CD with more accurate results. The study examined macro site with typical GSM,
UMTS, LTE, and NR operations. The GP zone's CD values were lower than the OW
zone. The GP horizontal CD were 14.8m in accordance with ICNIRP. Additionally,
the 5G NR 3,500 MHz has the greatest contribution with 34% from the TER at the
horizontal CD. The results show that the horizontal CD was 2.9 m. The calculation
involving the power weight p,, which gives horizontal CDs less by -34.5% compared
to the original equation and less by -6.2% for vertical CDs. The research team will
examine the CDs in the near future while taking into account the cumulative radiation
contribution from nearby sites, and also will study the effective actions that mobile
network operators can take to reduce the PD and minimize the EMF exposure while

maintaining sufficient network coverage and capacity.

2. The EMF exposure compliance boundary for multi-technology, multi-operator site
sharing was analyzed using calculations that considered realistic configurations. The
EMF site sharing scale-up formula is developed to estimate the increase in CDs for
N number of MNOs sharing the same sites and all MNOs use the same configuration.
The evaluation is done for two types of site sharing: macro and indoor IBS sites. For
the macro site with a single MNO, the general public’s horizontal Rcp distances were
14.8 m and 13.8 m according to the ICNIRP and FCC, respectively. Furthermore, for
a macro site shared by four MNOs, the Rcp distances were 29.61 m and 27.69 m
according to the ICNIRP and FCC, respectively. In addition, the 5G N3500 MHz had
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the highest contributions to the TER of 34% and 39% at the horizontal Rcp according
to the ICNIRP and the FCC, respectively. For the indoor IBS site with a single MNO,
the general public’s horizontal Rcp distances were 0.87 m and 0.8 m according to the
ICNIRP and FCC, respectively. In addition, for an IBS shared by four MNOs, the
Rco distances were 1.74 m and 1.6 m according to the ICNIRP and FCC,
respectively. Moreover, for all shared IBS site scenarios, the 5G N3600 MHz had the
highest contributions to the TER of 26% and 30% at the horizontal compliance

distances according to the ICNIRP and FCC, respectively.

. the increase in radiation levels due to the addition of future technologies leads to
more restricted compliance distances which constrains the 5G deployment. A design
model to de-concentrate the overall exposure ratio from sectorized antennas of the
multi-technology base station was proposed in this study. The model uses the
weighted antenna’s azimuth to spread the total exposure by horizontally separating
the installed antennas in the same sector. A set of simulations is carried out to
calculate the reduction in total exposure for widely commonly used antenna
deployment setups in multi-technology mobile networks. For three-sectors BS
operating with six technologies, the simulation results show the compliance distance
is reduced by -23% when using two antennas (two different azimuths) compared to
using one azimuth, reduced by -35.9% using 3 azimuths, -39.8% using 4 azimuths, -
41.3% using 5 azimuths, and by -43.4% when using 6 azimuths. A field test is done
in a life network serving in a geographical cluster that consists of 4 sites, the results
show that the TER is reduced by -19.23% after the antennas azimuths are changed
with separation angles calculated using the proposed model. Further, the OSS system
performance records and counters were analyzed to evaluate the impact of the model
on the network coverage and capacity. Overall, the system records show no
significant impacts were registered on network coverage level and capacity
performance for all transmitting technologies of the sites involved in the test. The
proposed solution is beneficial and can help mobile operators minimize the
compliance boundaries without impacting the network coverage and performance
especially for rooftop and wall-mounted sites where the antennas are installed in

close areas accessible to the general public.

. Determining and quantifying the increase in EMF exposure levels in terms of Total

Exposure Ratio (TER) due to the addition of ongoing 5G mMIMO deployments on
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existing sites as the situation of multi-technology co-located site, where most of the
current related works (found in the literature) investigated the situation of single-
technology. The study assessed the EMF exposure radiation for specific single sites
in dense, urban, suburban, and rural areas considering multi-technology
simultaneously operating and co-located at the same site, including 2G, 3G, 4G, loT,
and 5G. The assessment was performed through simulation tools using propagation
models to predict the Rx levels, and the tool was calibrated using field measurements.
The Rx level results were used to calculate the power densities at different distances
from the sites, and the total exposure ratios were calculated from the power densities.
The obtained results show that the power densities and total exposure ratios are low

for the four area scenarios compared to the ICNIRP standard reference limits.

5.2. Contributions

Below are the major contributions achieved during this research:

A. In this research, an enhanced formula is proposed to calculate the CD with more
accurate results considering more factor in the calculation such as the power

reduction factor and the system load utilization.

B. The study investigated the compliance boundary for multi-technology, multi-
operator site sharing, and proposed as site sharing scale-up formula to estimate

the increase in CDs for N number of MNOs sharing the same sites.

C. The study proposed a design model to de-concentrate the overall exposure ratio
from multi-technology base station. The proposed model uses the weighted
antenna’s azimuth to spread the total exposure by horizontally separating the

installed antennas in the same sector.

D. The study provided answers (determined and quantified) for the amount of
increase in EMF exposure levels in terms of Total Exposure Ratio (TER) due to
the addition of ongoing 5G mMIMO deployments on existing sites as the situation

of multi-technology co-located site.
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5.3. Recommendation for Future Work

The EMF radiation and exposure is hot topic, and it’s become more important with
increase of installing more base stations for mobile networks specially with rise of the 5G
deployment. Below are the suggested future works related to this research problem

statement:
A. To investigate and assess the EMF radiation exposure for whole area considering

the contribution from handset devices as source of EMF radiations.

B. To enhance the compliance distance calculation formula by considering more

factors, such as mMMIMO beamforming.

C. To develop smart technique to decrease the total exposure ratio by employing and
auto-optimize the network soft features such as dynamic power control and traffic
balancing.

D. To investigate and predict the overall exposure increase due to addition of

upcoming future six generation (6G) in mobile network..
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Appendix A

A} Electric and Magnetic Field Measurement

SRM-3006 Selective
Radiation Meter

Complete Solution for Selective Measurement
of RF and Microwave Electromagnetic Fields

Isotropic and Single-Axis Measurements from
9 kHz to 6 GHz

Excellent Immunity for Operation in
High Field Strengths
Automatic Antenna and Cable Detection

Results in V/m, A/m, Power Density,
or Percentage of Permissible Limit

Measures strength of single emitters in
multiple emitter environments

Ultra Wide Dynamic Range of 50 pV/m to
200 V/m (E-Field)

Determines 5% Boundaries for FCC
Compliance

Resolution Bandwidths (RBWs) up to 20
MHz for UMTS and W-CDMA, 32 MHz (Level
Recorder and SCOPE Modes)

Designed for Outdoor Use: rugged, splash
proof ergonomic design. Equipped with GPS
and voice recorder to simplify survey reports

Optional SCOPE, UMTS and LTE Modes

Features

The Selective Radiation Meter (SRM-3006) is our second generation, hand-held sys-
tem for performing narrowband analysis of electromagnetic fields. Unlike our NBM
series (broadband), the SRM-3006 has the ability to give you results of individual
emitters and also generate a total of all emitters. The SRM-3006 allows you to verify
compliance with the US FCC's “5% Rule” as well as accurately detect fields well below
domestic and international standards. The SRM-3006 also has the ability to measure
fields more accurately than broadband equipment and maybe more importantly, it
is able to give you more information than just the total - like exactly what emitter or
emitters are generating the most of the power.
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Electric and Magnetic Field Measurement ‘:

SRM-3006 Selective Radiation Meter

Mo other measurement system gives you the informa-
tion and accuracy that the SRM-3006 does. Narda Safety
Test Solutions provides complete calibration informa-
tion standard with every unit, just as you'd expect from
the world leader.

The U5 version of the SAM-3006 consists of a basic unit
{meter) and a 3-axis, E-field antenna. The meter is really an
optimized spectrum analyzer covering 9 kHz to 6 GHz and
modified to make accurate field strength readings with the
help of our antennas. You can operate the meter with any type
of antenna for special measurements (direction finding, OTV
measurements, “Roberts’ dipoles™) but you'll be impressed by
the performance of Narda's designs. We supply our SRM-3006
with a 3-axis design that covers 27 MHz to 3 GHz that is cali-
brated at 20 different frequencies and reliably works down
to 200 pV/m . This portable, rugged and splash-proof system
incorporates a highly readable color display, GPS receiver
and microphone for voice recording. Also supplied is our full
SRM-TS software package, a 1.5 meter cable to separate the
antenna from the meter and charger, manual and other ac-
cessories inside a very protective carrying case.

Marda offers additional antennas that youll find listed at the
back of this data sheet. We have lower and higher frequency
E-field antennas and some single axis designs that offer even
higher accuracy. Marda can also supply single ar 3-axis H-field
antennas. Each antenna is individually calibrated and its fac-
tors are automatically accounted for as soon as the antenna
is plugged in. We also offer longer cables for special measure-
ment needs, non-metallic tripods, extermal or mobile battery
chargers with extra battery packs, carrying pouches — basi-
cally everything you might need to get the survey done.

Every SRM-3006 has the ability to perform single or mul-
tiple measurements that can be averaged and/or stored in
the meter for download to a computer. You can set-up the
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Owerview with Safety Evaluation: The services o be checked are
recorded in editable fatves. There'’s no complicated evaluation needed
in Safety Evaluation Mode. The numerical result shows the individual
contributions of the services as well as the overall level in terms of the
parritted Kt value.

SRM-3006 the way you like and store a complete configura-
tion for later use or repeated uses. You can set up parameters
for time controlled staring that only logs the data you want
above a certain threshold level. Each system has an embed-
ded GPS receiver and microphone, so every stored reading
is supplied with GPS coordinates and can have an audio de-
seription added.

Applications

The SRM-3006 has some special capabilities when it comes
to RF safety measurements. In addition we have added some
other operational modes (UMTS P-CPICH) for commaon en-
gineering measurements. But if you simply want to perform
safety measurements — the SRM-3006 makes it simple.

SAFETY EVALUATION MODE

Have you ever made a broadband measurement and wish
you really knew what all the emissions all around you were
really adding? The Safety Evaluation Mode is a very popular
method to make a reading that simply separates emitters
the way you would like them displayed. We include multiple
sample tables in the meter we deliver to you that you can use
as is, or modify for your own geographical area or interest. It's
easy to make your own tables that quickly and cleanly show
the total level of individual emitters or bands. You can display
the results in common field strength or equivalent power
density, or the easily understood % of standard” units shown
below. You can easily modify these tables and identify each
frequency band or emitter by the name that you choose. You
can add or remove entities as you see fit, thereby customizing
the display for your area or need. We even offer two different
displays, a common tabular listing as well as a bar graph list-
ing, making evaluation of data quick and accurate.

This is a very powerful way to display multiple emitter data in
a way that even non-technical persons understand and tech-
nical persons can appreciate.
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Safety Table Entries can alio be displayed as bars on a graph, quickly
fedentifying what sarvice (or frequency) Is providing the most power to
your selected safety table.
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Classic Spectrum Analysis: Result evaluation using markers and delta
markers. For example, the integration function can be used to defer-
mime the channel power level Special feature: Service Identification by
means of pre-recarded service valles.

SPECTRUM AMALYSIS MODE

Spectrum Analysis Mode makes finding “hidden” or “inter-
mittent” emitters easy. Perhaps you didn't expect a certain
frequency to be used in your area, but in this mode that emit-
ter can be quickly and easily identified by the frequency and
level it's operating at. This gives you the real story of what is
happening right now - when and where you are performing
the measurement. The SRM-3006 allows easy settings of fre-
guencies and resolution bandwidths with a powerful "marker”
function that lets you see each significant signal, set a marker
on it and zoom to it in a rapid manner. When it comes time to
save a spectrum view the SRM saves the entire dataset rather
than just a picture. With the supplied SRM-TS software you
are able to even post-process information thereby enhancing
detected data for your survey reports.

When using the SRM-3006 to “direction find” or search out
“cable leakage” the Spectrum Analysis Mode with our over-
all systern design makes it a simple, portable tack. First is the
SRM’s capability to add antennas into its memory. You can
easily import calibration data of your existing antennas and/
or cables and have the SRM account for them in its display.

SPATIAL AVERAGING

FCC license holders will find the built<in spatial averaging fea-
ture very powerful. Broadcasters can employ the 1.5m cable
along with optional antenna holders and a non-metallic tri-
pod to make accurate and repeatable measurements at their
transmitter sites. GPS logs exactly where the measurement
was taken and the narrowband performance means you just
survey your emissions. Cellular operators can also use the
fast time averaging for a quick vertical spatial average sweep,
again logging just your emission out and beyond the “5%"
distance.

Salety Test Solutions

Electric and Magnetic Field Measurement

SRM-3006 Selective Radiation Meter
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Safety Evaluation in the UMTS Range: The indhidual chanmels with
their channe! numbers are shown next to each ather in the bar graph
display, just like a textbook. The “T° bar on the extrame right shows
the todal power density. The 10" bar shows the contributions from the
freguency gaps fothers) between the senvices

LEVEL RECORDER MODE

Lewvel Recorder Mode allows you to particularly watch ane
signal or band over a long time period. The display is opti-
mized to give you four results, Maximum Peak, Actual Peak
[present reading), Maximum RMS and RMS. RMS Actual is an
awerage over a time that you choose from 0.48 seconds to 30
minutes. This makes long term monitoring of an emitter easy
and supplies all the data you might need to fully evaluate its
contribution to the overall site levels.

TIME CONTROLLED STORING
The SRM can store measurements under timer control by

specifying the start date, start time, measurement duration,
and other parameters.

Options

UMTS P-CPICH DEMODULATION

This option is useful for cellular phone companies and their
consultants, The SRM-3006 automatically identifies every site
and sector that it received a UMTS scrambling code from.
The SRM-3006 can then measure the field strength (or power
density) of the associated pilot channel {P-CPICH) at the same
time. The SRM-3006 also shows the sum of all P-CPICH lew-
els as an overall value (Total). The Analog measured value for
the frequency channel is also shown for comparison. You can
also set a factor that the SRM can use to extrapolate the field
strength that would result if all channels were fully loaded.
Therefore, instead of guessing what the UMTS signal is (at
measurement time) and how it relates to the maximum pos-
sible signal strength that the site could generate, now you
can measure and estimate with confidence.
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Electric and Magnetic Field Measurement AE

SRM-3006 Selective Radiation Meter

SCOPE MODE

The Scope Mede incorporates a high speed oscilloscope
that displays pulse modulated signals down to a resolution
of 31.25 ns. This allows high speed characterization of WiMax
signals along with any other pulsed signal below 6 GHz. This
miode allows the communications engineer and technician

an extended and powerful capability in a system that they
needed already.

LONG TERM EVOLUTION (LTE) / 4G

LTE, also generally but less correctly known as 4G (4th gen-
eration wireless), can be utilized in the frequency ranges 700
MHz, 900 MHz, 1.8 GHz, 2.1 GHz and 2.6 GHz.

As with UMTS, LTE uses individual cells, which are differen-
tiated by their cell numbers (cell ID, 0 to 503). Each cell can
also use one, two or four antennas (multiple input - multiple
output, MIMO).

LTE uses a special method of modulation called orthogonal
frequency domain modulation access (OFDMA). This dis-
tributes the information across many sub-carriers spaced at
intervals of 15 kHz, each of which is modulated by QPSK, 16
QAM or 54 QAM. Frequency division duplex (FDD) is general-
ly used to separate the uplink and downlink directions (from
the subscriber to the base station and vice versa), although
time division duplex (TDD) is also possible.

The LTE option equips users for all the crucial measurement
tasks on LTE systems with FDD. The SRM 3006

* supports all LTE channel bandwidths from 1.4 MHz to
20 MHz

automatically determines the cell 1D and number of
antennas used

measures the average power values of the PS5 and
555

measures the average power values of the Reference
Signal, separately for each antenna, or as average
power of all antennas used, or as maximum power of
all antennas used

offers automatic extrapolation using factors up to
10,000

All the uswal 5RM 3006 result types are available (see list,
right), which users can select individually. Combined with
the cell-specific power values, this gives up to 54 columns
of results.
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Resuft of an LTE measurement with fowr cell-sperific power values.
The SEM 3006 shows the indivdual values obfained by demadidation
and thelr fofal in the bottorm line (Totol) as well as the analeg mea-
sured valies (Analog) — stmitar to the LTS option.

Display of cell-specific power values:
PSS

Primary sync signal; average power
555

Secondary sync signal; average power
RS Avg

Reference signal; average power

of all antennas used

RS Sum
Reference signal; sum power
of all antennas used

RS Max
Reference signal; maximum power
of all antennas used

RSO,RS1,R52,R53
Reference signal; average power
of the individual antennas

Result types available:
* Actual, Act
* Maximum, Max
= Maximum Average, MxA
= Average, Avg
= Minimum Average, MnA
= Minimum, Min
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F N\ Electric and Magnetic Field Measurement

SRM-2006 Selective Radiation Meter

Antenna Specifications

Three Axis Three Axis Three Axis Single Axis Singhe Axis Single Axis
ANTENMA E-Field E-Field H-Field E-Field E-Field H-Field
(supplied) 350201 3581/02 3531/01 3531/04 3551/02
p
27 MHz to 420 MHz to 9 kHz to 27 MHZ 1o 9kHz to akHz ta
.
e 3 GHz £ GHz 250 MHz 3GHz 300 MHz 300 MHz
Antenna Type E-Field E-Figld H-Field E-Field E-Fiedd H-Figld
Triaxial active . i . i .
- Triaxial design Triaxial design magnetic loog i;‘!ﬁl: ::‘i:-jse S'HE:E:;E;‘;'“ Single axis active
et with scanned axes | with scanned axes | design with ’:}am i, . magnetic koop
Scanfed axes P po
- 0.25 iV m to 014 mrivim 1o 25 pAimto a0 pvim ta 70 uim to 0.4 pASm o
Ly i 200Vim 160V 560 maAdm 80W/m IEVIm 71 rriAdm
435 Vi or 435 W/en or > 300/ or = 165 Afm
)
CW Damage Level i o il feamt 250 Ader f f[MHz] 25 e = 1000 W . " Mz
RF Connector N connector, 50 0
Tum"‘pﬂ“":?mﬁ“? 10 C 1o 507 C {same as SAM basic unit)
Climatie
Staraget 163 (IEC 60721-3)
Transpert K4 (IEC 60721-3)
g Operating TK2 (IEC 60721-3)
i Mechanical
5 Starage 1M (IEC 50721-3)
Transpert M3 (EC 60721-3)
Operating M3 (IEC 60721-3)
ESD and EMC EM 61326:2006
Safety EN 61010-1:2004
CE [European
Commnity) Yes
<29 g/m”
L (< 93% at +30°C)
Weight 4509 anng 470 as0g 550g 450 g
460 mim lengt 450 mm length, | 460 mm length;
B | ey e R e [ m"nsnh. 135 %90 mm 432100 mm
Dirmensions 120 mrm antenna 120 mery anlenna 120 mim antenna head e head heacd
head diameter head diametar head diameter AntEmna AMIERNA e na
dirmensian dirnension dimansion
20 reference 21 reference e 'Hi:l':f:e
Calibention paints® points® po
- 26,30, 40, 50, 60,
The SAM applies 26,45,75,100, | 420,604, 750, 75, 100, 200, 300,
linear 200, 300, 433, 600, 900 MHE 178 reference 433, 600, 750, 183 reference 183 referemne
inea P , 600, 750, v i
L':'::pﬂlnlm 730, 900 MHz 1121415, 15, poinls 2300 MHz points’ points
=y 1,12,14,16,18, | 22224527,
Sefernse poiee 2,22,245,17, |3,35,4,455,55 '2]2121 16,15
3 GHz 5B 6GHz e
2B 3GHz

Calibsration Interval

24 rronths (recormmended)

HNOTES:

Typical Vakse<

B AR AT M

Ewtended to - 10°C ta #50°C
Thi SAM bacic unit appdies linear interpolation DeTween Fitrsnoe points

The comaction factors detenminsd individually during calibration ase sboeed in2n EEPROM and 20w applied aubomatically whisn uwsed in conjunction with the 586 basic unit.
Typical measurement dynamic range for 10.dE signal 1o noise ratio [REW = 1 kHz)

narda ;”A TEL: (1) 831 231-1700 * FAX: (1) 631 23171
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