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Abstract 

Interpolation Methods for Coverage Area in Cellular Systems 

by 

Abdlmagid Mohamed Basere 

Research Director: Ivica Kostanic, Ph.D. 

Evaluating the coverage area in a wireless network is very important for 

cellular system designers in order to provide good service to users. It is hard to 

collect the Receive Signal Level (RSL) for an entire coverage area because of many 

obstacles, such as buildings, lakes, and vegetation. Therefore, estimation of the 

coverage area is essential for locations for which it is difficult to measure the RSL. 

This dissertation considers the process of RSL interpolation. Two main 

aspects of the interpolation are considered. Firstly, various interpolation methods 

are considered and it was determined that a very good performance is obtained by 

using Krigging. The Kriggin method is not novel It has been used successfully in 

other areas and the work in this thesis demonstrates yet another of its applications. 

Secondly, a detailed study of the RSL surface spectral content has been performed. 

The purpose of this study is to determine the appropriate spatial frequency 

sampling requirements for the RSL surface. It is demonstrated that the RSL surface 
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may be seen as a low pass image and therefore one can establish its bandwidth and 

corresponding spatial sampling distance. 

All of the theoretical results have been supported through real network 

measurements. The measurements were conducted in the suburban environment of 

Melbourne FL. It was found that the appropriate spatial sampling distance for these 

types of environments is on the order 80-100m.   
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Chapter 1: Introduction 

In the last decade, mobile communication systems have experienced a 

massive growth without any signs of slowing down. The incredible growth of 

cordless phones, cellular phones, paging services, and the production of laptop 

computers also show an optimistic future for wireless networks [1]. As a result, the 

demand for spectrum by users of mobile communication systems has been growing 

as well. The lack of radio spectrum has led the US FCC to announce plans for 

allocation of an additional 500 MHz of spectrum for mobile broadband systems in 

the next decade [2]. 

This growth requires tighter management of the Radio Frequency (RF) part 

of the network. To do so, the engineers need to know the exact coverage footprints 

of the cell sites. The most accurate way of determining the coverage of cells is 

through data collection. On the other hand, data collection has several problems 

such as the requirement for intensive labor and the inability to survey the area of 

interest. Therefore, one needs to have an efficient way of extrapolating 

measurements with the purpose of obtaining coverage maps that include locations 

that were not surveyed. There are two principle methods of data collection 

(measurements). 
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1. Drive testing which has two methods that can be used that are: 

o Attended: A motor vehicle is used in this test. A measurement 

system is installed in a car, and operated along a designated route. 

The data are relevant to the test, and the Receive Signal Level (RSL) 

is detected and recorded during the driving test. 

o Unattended: An unattended driving test is another technology for 

collecting data. Small devices such as receivers are installed on 

commercial vehicles to collect data. These vehicles like taxicabs and 

buses provide services in different locations that allow the collecting 

of data in a wide area. This method is used to reduce the labor cost 

of the driving test. Upon collection the data can be uploaded on a 

computer and evaluated by experienced engineers at any time. 

2. Phone measurement reports and geo-location. 

Regardless of how the data are collected, the issue of interpolation still 

remains. In cellular networks, the coverage area of a cell is established on the basis 

of the signal strength of its pilot channel. For example, in a case of a Global System 

for Mobile Communications (GSM) cell, its Broadcast Control Channel (BCCH) 

needs to be above the appropriate coverage threshold [3]. Likewise, in Wideband 

Code Division Multiple Access (W-CDMA), the coverage is based on the signal 

strength of the Common Pilot Channel (CPICH) [4], while in Long-Term Evolution 
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(LTE), the appropriate metric is the Reference Sequence Received Power (RSRP) 

[5]. 

During the system deployment, the coverage area of each cell is verified 

through a process commonly referred to as drive testing. This process involves 

measurement of the RSL of the pilot channel within the geographical area 

surrounding the cell. Typically, the measurements are collected using appropriate 

drive test receivers. These receivers pair measurements of the pilot channel RSL 

with the corresponding geo-location information. Based on these measurements, 

the coverage area of the cell is estimated. 

There are two principal practical issues with the RSL measurements. The first 

issue is associated with the signal fading in the wireless environment. It is well 

understood that as a result of multipath propagation, the measured signal 

experiences small scale fading. Therefore, estimates of the RSL need to be obtained 

through some form of statistical averaging of the instantaneous signal readings. The 

process followed in the averaging of the instantaneous measurements needs to be 

compliant with a requirement frequently referred to as the Lee criterion. The 

requirement is described in [6] [7]. 

The second issue is the one of the coverage area estimation. There are two 

aspects of this issue. First, in every practical scenario, the data may be collected 

only from a small portion of the area that is accessible to drive testing. Therefore, 
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the coverage estimate for the entire area of interest are obtained through the process 

of measurement interpolation. An effective technique for the interpolation that is 

based on the Kriging method is presented in [8]. However, to make a valid 

interpolation, the measured data need to be sampled at a sufficient spatial 

resolution. 

1.1 Problem Statement 

The purpose of this dissertation is to determine a sampling distance for the 

coverage area of cellular systems for a suburban area. Collecting Receive Signal 

Level (RSL) measurements are essential for the coverage area. This helps engineers 

to provide good service in the targeted area. There are two techniques for RSL 

measurement, one theoretical and the other empirical. In the theoretical method, 

radio propagation models are used to get the RSL measurements. However, in the 

empirical method the RSL measurements are gathered physically. 

The drive test is one of the empirical methods. It is used for outdoor data collection. 

It’s costly and time-consuming. There are studies which state that RSL 

measurements must be collected within a range of 50-150 meters in order to get a 

good result. However, there is not any study showing that the RSL measurements 

are to be collected at a specific distance. Also, the drive test is not adequate to 

collect RSL data because there are many obstacles such as buildings, lakes, and 
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vegetation. As a result, interpolation methods are important in order to fill gaps for 

which there are no measurements. 

There are many interpolation methods such as Inverse Distance Weighting 

(IDW), Kriging, spline interpolation, and interpolating polynomials; the Kriging 

method is the most accurate among interpolation methods. It has been used in the 

communication field and shows excellent results. However, the distance factor has 

not been studied in the Kriging method. In this case, it is important to know the 

distance from which the RSL data can be collected in order to make interpolation 

methods more accurate and to provide the approximate distance where RSL can be 

gathered to engineers. 

The problem of spatial sampling of the RSL is illustrated with the help of 

Figure 1.1. As shown in the figure, the RSL for a given transmitter site may be seen 

as a three-dimensional surface. In the process of data collection one makes 

measurements of the “surface height” at different locations in space – i.e., different 

(x, y) coordinates. The task of the interpolation is to reconstruct the surface on the 

basis of the collected measurements. 



 

6 

 

Figure  1.1: An illustration of the RSL surface 

It is easily seen that the accuracy of interpolation fundamentally depends on 

the spatial sampling “frequency” of the measurements. As the number of 

measurement locations becomes larger, the accuracy of the estimate for the RSL 

surface becomes higher. However, as with any sampling, the process reaches the 

point of diminishing returns. 

The goal of this analysis is to determine the spatial sampling rate required for 

accurate representation of the RSL surface. The analysis is based on the extension 

of Shannon’s sampling theorem to a two-dimensional signal that represents the 

RSL surface. 
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1.2 Research Objectives 

This research is done to provide an optimum spatial distance where RSL 

measurements can be collected in a suburban area. Therefore, this research is 

divided into two major parts in order to achieve this goal. 

1.2.1 Interpolation of RSL measurements 

Kriging is an interpolation method which has been studied in terms of the 

distance factor. It has been used to fill locations that do not have RSL values. The 

interpolation is done for distances of 25x25, 50x50, 100x100, and 200x200 meters. 

Determining a proper resolution of the coverage area is important, as is verifying 

the accuracy of the interpolation method. 

1.2.2 Determination of spatial sampling distance of RSL measurements 

The spatial sampling requirement for data collection is important, and the 

Shannon sampling theory for 2-D signal corresponds to the RSL measurements. 

1.3 Research Contribution 

There are two major contributions provided by this research. First, Kriging is 

a valid approach for interpolation of RSL measurements. It is relatively simple, and 

shows very good results. Second, the RSL as a 2-D signal is band-limited. 

Therefore, the Shannon sampling theory applies. There is a useful sampling 
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distance that is a function of the environment and can be used to take 

measurements. 

1.4 Dissertation Outline 

The dissertation is organized as follows.  

 Chapter 2 presents a summing up of related work RSL Data 

Collection, Spatial Binning, and an overview of the most popular 

interpolation methods. 

 Chapter 3 provides a general background on cell coverage in cellular 

systems, methods of estimating cell coverage, a demonstration of the 

Kriging Method in detail, the two-dimensional frequency domain, and 

the Low Pass Filter (LPF). 

 Chapter 4 describes the measurement environment as one of the 

geographical variables, and Personal Communication Service (PCS) 

frequency. 

 Chapter 5 is assigned to an explanation of the measurement system 

and procedure. The measurement system is the equipment that has 

been used to collect the measurements in this research. 

 Chapter 6 demonstrates cell coverage area estimation from RSL 

measurements. An interpolation of the coverage area has been applied 
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for different distances of resolution that are 25x25, 50x50, 100x100, 

and 200x200 meters. 

 Chapter 7 represents the sampling distance of a coverage area where 

an LPF is applied and some operations of image processing which 

took a place. 

 Lastly, Chapter 8 concludes this work by giving a summary of our 

conclusions and suggests the potential for future work in this research 

area. 
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Chapter 2: Literature Review 

3.1 Data Collection 

Verification of cellular system coverage requires the RSL measurements that 

can be collected by spatial averaging of immediate signal power readings. The 

measurements are typically gathered in conformity with the well-known Lee 

sampling criteria [7]. Equation (1.1) describes the amplitude of the received signal 

envelope in the mobile propagation environment [7]. 

 )x(r)x(m)x(r 0  (1.1) 

It is reasonable to denote the received signal by a stationary stochastic 

process, where )x(r0  represents the fast fading variation of a mean signal strength 

value equal to 1. The mean value of the signal envelope is )x(m , and x  is the 

location of the local mean [6]. 

There are two questions that need to be answered in order to get an estimate 

that is statistically valid for the local mean. First, how many ‘snapshots’ of the 

received signal level are required to be collected over a suitable distance, in order 

to assure the statistical validity of the approximation, and second, what would be an 

appropriate spatial distance over which to average. The space averaging over a 
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distance should be performed in order to guarantee averaging Rayleigh fading 

effects. Estimation of the local mean can be characterized as an average of the 

power of the signal over a appropriate distance ( 2L ) as shown in equation (1.2) 

[9]: 
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Equation (1.4) has been statistically evaluated [10] for different values of L , 

and the results for 1  and 2  spreads are shown in Table 1.1 [9]. 

Table  2.1: Spread of the local mean estimate as a function of the averaging 
distance 

2L p̂  1  Spread 















pav

pav

p

p
log




 

2  Spread 
















pav

pav

p

p
log




2

2
 

5  
avp.330  dB.982  dB.56  

10  
avp.240  dB.142  dB.54  

20  
avp.180  dB.551  dB.243  

40  
avp.120  dB1  dB.12  

For most practical situations, terrain variations (shadowing) over a 40  

distance can be assumed to be negligible, and, therefore, the assumption that the 

mean value of the signal is not changeable during the integration in equation (1.3) 

is valid [9]. 

“Macroscopic propagation models predict the mean received signal level over 

a small geographical area called a bin” [9].The bin’s size is calculated as a function 

of accuracy and the database terrain resolution, computation time, roughness of the 

terrain, etc. and usually ranges from 50m to 500m. The Local Area Mean (LAM) is 
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the mean received signal of a bin. Performing averaging of several local means can 

allow comparing measurement data with the predictions of the propagation model 

[9]. 

During driving through a particular bin, the measurement equipment 

implements the collection of the local means within the bin. The local means tend 

to comply with a normal distribution in the logarithmic domain with a standard 

deviation   and mean value m  The local area mean for the specific bin is 

calculated as an average value of the local means collected in that specific bin. 

 
N

L

L

N

k
Mk

AM


 1  (1.6) 

where AML  is the local area mean, MkL  represents the thk  local mean and N  is the 

total number of local means collected in the bin [9]. 

3.2 Spatial Binning 

In order to enable users to understand how the data are changing between the 

temporal bins, spatial binning is essential. Spatial binning gathers data points that 

are near one another to prevent the situation in which data points share the same 

location in space. Both Longitude and Latitude contain numeric information. A 

simple grid is used in the binning procedure; the resolution is controllable by the 

users [11]. 
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Insufficient drive test data can cause inaccurate estimation of coverage area. 

However, collection of too much data is costly and time consuming. Combining 

data by averaging can help with reducing the processing load and quantifying data 

to the resolution of a specific terrain, which is referred to as the bin of the area [9]. 

3.3 Kriging Method 

Through interpolation, one-use measurement data samples can be collected 

and used to estimate measurement data at other points where measurement data are 

not available. The most popular spatial interpolation methods are Kriging, spline 

interpolation, interpolating polynomials, and Inverse Distance Weighting (IDW) 

[12]. Among the above methods, IDW and Ordinary Kriging (OK) are the most 

commonly used, and are typically the most frequently suggested interpolation 

techniques [13]. 

“Kriging is an interpolation technique based on the methods of geostatistics” 

[14]. Krige (1951) collected samples over mining fields and used them to develop 

optimal interpolation methods for use in the mining industry. Nowadays, the 

Kriging method is being used in soil mapping, groundwater modeling [15], [16], 

and in many other spatial problems [15]. 
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3.3.1 Kriging Method in Many Fields of Science 

Geologists use the Kriging method widely in many studies including 

topology. Arid and semi-arid areas have more bare soils than vegetation cover. In 

fact, only 10% to 30% of their soil surface is occupied by vegetation covers. By 

using remote sensing, the soil surface can be detected easily. Because soil maps are 

neither satisfactorily accurate nor comprehensive for environmental modeling or 

thematic mapping, this study was done in a central Tunisian area [17]. 

CoKriging and Ordinary Kriging were used to interpolate gaps that were 

created by the vegetation mask, and did clay content interpolation of each pixel of 

the image at 100 m. Therefore, in CoKriging, the prediction of soil fraction over the 

masked area was improved by using more than one datum, while ordinary Kriging 

identified certain linear structures with low estimated clay content [17]. 

Recently, research in the field of spatial interpolation has been increased in 

many different areas. Interpolation of spatial characteristics is a clear choice for 

GISs. Also, interpolating spatial data that includes lost and erroneous values is 

challenging in both geographic information and remote sensing (RS) fields. 

Furthermore, Semantic Kriging (SemK) was used to mix spatial features’ 

semantics (of surrounding data points) with Ordinary Kriging (OK) for spatial 

characteristic prediction. In this experiment, land surface temperature data was 

collected in four main cities in India. OK was extended by SemK. This was done 
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by combining the local information of nearby spatial attributes. “It considers the 

local properties of the spatial features, and the information content of SemK is 

higher than most of the existing interpolation techniques” [18]. 

Before the use of spatial autocorrelation, only the distance between locations 

was considered, but SemK takes the spatial correlation of the spatial features and 

semantic similarity into account, as well. The results show that SemK surpassed 

OK and most of the existing spatial interpolation methods. Future work can extend 

to the interpolation of the time series data by using SemK [18]. 

Furthermore, Kriging has been used in precipitation research. Monthly 

precipitation interpolation was performed by using four spatial interpolation 

methods which are Inverse Distance Weighted (IDW), Thiessen polygon, Ordinary 

Co-Kriging (OCK), and Ordinary Kriging (OK), and it was seen that OCK 

outperformed the other methods. 

Yet, when the performance comparison was made between OK and OCK for 

different correlations between elevation and rainfall, the result clarified that OCK 

was not consistently superior to OK. By integrating OCK and OK, the result that 

was obtained had fewer errors than the other methods [19]. 

Inverse Distance Weighting (IDW) and Ordinary Kriging methods were used 

to interpolate the annual quantity of rainfall in Bosnia and Herzegovina.  In this 
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case, IDW gave unrealistic results in the mountainous area, which led to the 

occurrence of isohyets. This is not acceptable for pluviometric analysis. However, 

the Kriging method provides good results in terms of rapid data processing and 

high accuracy of calculating precipitation. Therefore, Ordinary Kriging performs 

better in spatial distribution of isohyets where the resolution is 20x20 meters [20]. 

Kriging is also being used in medical research. Developing Transmit arrays is 

required to palliate Radio Frequency field inhomogeneity. It is usually noticed 

above 3T in Magnetic Resonance Imaging (MRI). Each independent radiating 

element in B1 transmit-sensitivities has become necessary. A study was done to 

find a method that can accelerate the available B1 calibration method. Many 

methods were used such as Kriging slices under sampling and channel interleaving. 

As a result, Kriging gave the greatest interpolation of a field under certain 

conditions. “The resulting accelerated sequence allows mapping a complete set of 

eight volumetric field maps of the human head in about 1 min” [21]. For validation, 

Kriging is more accurate than the B1 maps interpolation method [21]. 

In addition, Kriging has been used in renewable energy technology to 

improve this science. Especially nowadays many countries have started planning to 

invest in renewable energy. A spatial interpolation method was used in the 

southeast of Turkey to interpolate solar radiation that was examined using 81 agro-

meteorological stations. The purpose of this research was to reduce spatial 
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interpolation error of solar radiation by using ancillary data that is closely related to 

solar radiation, “over the heterogeneous agricultural areas that comprise different 

crop species, irrigation techniques, topographic conditions and others” [22]. 

Interpolation of solar radiation was individually done by using the Ordinary 

Kriging method [22].  

In addition, Ordinary Co-Kriging used ancillary data including air 

temperature (Ta), digital elevation model (DEM), vapor pressure deficit (VPD), 

and air temperature (Ta) for interpolation. Therefore, with ancillary data of Ta and 

VPD together, the best interpolation of solar radiation was done by using ordinary 

Co-Kriging. The accuracy was up to 21%, thus offering the possibility of 

calculating and managing of crop growth and yield [22]. 

Electronic engineers have started using interpolation methods to develop 

manufacturing devices and systems. Cooling systems and electronic devices 

commonly employ heat sinks. The thermal performance of electronic devices and 

systems is most often calculated by the heat sink size, shape, and material. The 

design and optimization of heat sinks can help to achieve a high level of 

performance by determining surrogate-based optimization and fluid dynamics 

(CFD) [23].  

Thermal resistance is one of the design variables, so developing a Kriging 

surrogate model is required to estimate the thermal resistance. CFD simulation was 
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used to simulate thermal fields and flow. However, a Kriging surrogate model was 

developed to interpolate thermal resistance that is an objective function. As a result, 

combining a Kriging surrogate model and CFD analysis is an efficient instrument 

to design heat sinks under jet impingement [23]. 

In other research, the Kriging method was used to allow building models of 

images in painting with “time series land use classification results”, which helped 

to create land cover/use thematic maps in mountainous areas, a project which is 

challenging due to complex weather. Time series analysis theories state that 

building precision in cloud-contained areas is enhanced by using the Kriging 

interpolation algorithm. As a result, an accurate classification was achieved by 

using the Kriging method [24]. 

An Indicator Kriging (IK) method is used for remote sensing image 

classification. In remote sensing imaging, Ordinary Kriging was used to interpolate 

class-dependent probabilities in the feature space in order to introduce indicator 

variables of categorical data. As a result, the method did not demand an exact kind 

of distribution and produced “a posteriori probabilities for land cover class 

assignment” [25]. The use of an IK classifier was demonstrated in this research. 

The IK classifier is qualified to achieve a typical classification precision for 

training data if no different-class is collocated. It is effective to use Gaussian-based 

ML, SVM classifiers, and the nearest neighbor. In addition, there has been no strict 
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study of the number of points that should be considered when Kriging interpolation 

is used. Therefore, the results show that using an IK classifier delivers an 

“alternative to recently commonly used SVM” [25]. 

Complex traffic simulation model calibration causes concerns about essential 

input parameter selection. Recently, two methods which are Kriging-based, 

Sensitivity Analysis (SA) and the quasi-optimized trajectory-based elementary 

effects (quasi-OTEE), were developed to efficiently compute sensitivity analysis of 

computationally expensive simulation models. As a result, both methods showed 

that they could identify the important parameters [26]. 

Also, to screen the parameters, it is better to use the quasi-OTEE, while the 

Kriging method has superior precision in ranking the parameters. Furthermore, 

“Kriging-based SA can be used to refine the analysis and calculate first-order 

indices to identify the correct rank of the important parameters” [26]. 

3.3.2 Kriging Method in the Communication Engineering 
Field 

Ordinary Kriging is being used for coverage area prediction as a new tool in 

wireless local area networks [27]. Reducing the cost of active site surveys is one of 

the purposes of interpolation of coverage areas. Ordinary Kriging is used as a new 

tool to interpolate network coverage (signal strength) in wireless local area 

networks by using a limited number of point measurements [14]. 
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Therefore, the Kriging method is being used as a tool to estimate coverage 

area in “WLANs network survey and design” for the first time. Also, it can be used 

for the validation of measurement points. “The proposed approach can be easily 

embedded within a site survey computer program to interpolate signal coverage for 

points which are not surveyed in the target area” [14]. 

Using Wireless Sensors Networks (WSNs) has become popular in scope and 

application. Coverage and position of the sensor nodes is widely used to compute 

the performance of a Wireless Sensors Network (WSN). This study presented an 

investigation of the use of the Kriging interpolation algorithm as an effective 

position management system. Interpolation sensor management of Kriging was 

anticipated to provide efficient coverage, decrease consumption of power, and 

promote the performing of sensor nodes [28]. 

In other research, the ordinary Kriging method was used to interpolate a 

spatial field in a wireless sensor network where resource restrictions limited sensors 

to a select number in the network; they were being used to get data necessary for 

field estimation. It was found that the Kriging error variance was small, which 

showed that the prediction was accurate [29]. 

The demands for the use of communication systems have made scientists 

start using spatial interpolation for coverage areas to improve and manage service. 

Studies on the improvement of radio wave propagation have increased because of 
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the massive demand in the wireless industry. Also, modeling of indoor radio wave 

propagation has become necessary, and it is still a rapidly developing area [30]. 

The geostatistical Kriging method and Artificial Neural Networks (ANN) 

have been used for spatial interpolation of electromagnetic measurements in 

Wireless Local Area Networks (WLANs). Therefore, sufficient accuracy for spatial 

interpolation was provided by ANN, but the Kriging method showed more accurate 

prediction [31]. 

One of the very important features of optimizing cellular networks is the 

prediction of the coverage area. Because of the requirement to adjust developing 

wireless ecosystems constantly, the cellular coverage remains the main topic for 

study and research for operators. Also, realistic LTE network measurement data 

was used in a dense urban environment in this study. This research considered 

coverage-hole prediction, and used Bayesian Kriging, which is a new tool to build a 

Radio Environment Map (REM) for cellular coverage prediction including the 

evolving application of cognitive radio systems in cellular networks. It offers an 

active substitution coverage prediction manually on the foundation of drive tests, 

which cost a lot, contaminate the environment, and provide slow solutions to gain 

information of ground-truth [32]. 

Different interpolation techniques are evaluated for coverage prediction. In 

another study, a driving test was used to collect raw data which was analyzed and 
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created many continuous surfaces by using different interpolation methods. 

Interpolation methods including IDW and Ordinary Kriging were used to 

interpolate coverage area. In ordinary Kriging, four semi-variogram models that are 

circular, spherical, exponential, and Gaussian are used [33]. 

As a result, Kriging methods that are Universal and Ordinary have acceptable 

error and are 30% more accurate on the average than IDW. The Exponential model 

is the best semi-variogram for coverage area prediction created by Universal 

Kriging, and the exponential and spherical models of semi-variograms are nearly 

equal. It should be noted that more accuracy in interpolation requires a higher 

number of neighbors [33]. 

The Kriging Method was applied to examine the power level radiated by a 

Base Station over a group of samples of this power level that were measured at 

various positions and distances. A spectrum analyzer was used to obtain samples; 

this allowed the collection of georeference measurements in order to generate 

coverage maps and achieve the interpolation process. In this case, the Kriging 

Method was found to be the best way for power levels study in W-CDMA because 

a continuous coverage map could be created from data that were collected by 

predicting the power values in gaps that did not have data [34]. 
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Chapter 3: Background 

3.1 Cell Coverage in Cellular Systems 

The cell coverage area is one of the most important factors in cellular 

communication system designs. It may be defined as the largest distance that a cell 

phone can be away from the base station while still maintaining an acceptable 

service [35]. The base station is usually located near the center of the required 

served area [36]. 

Any cellular system network is comprised of several cells. They are 

connected together to provide radio coverage over a larger geographical area. The 

cell coverage area allows a large number of users to communicate with each other 

and with fixed base stations in the cellular network. These base stations provide 

connections to transceivers regardless of their mobility, whether they are moving 

across cells or are stationary. The extent of cell and network coverage depends 

mainly on natural factors, such as propagation conditions, and human factors, such 

as the landscape (urban, suburban, and rural), subscriber behavior, etc. [37]. 
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3.3.1 Importance of Understanding Cell Coverage Area 

3.1.2.1 Coverage Planning 

The coverage planning procedure may be divided into three phases. The first 

phase is called the preplanning phase. In this phase, the general properties of the 

future network are investigated. In the second phase, the site survey for the targeted 

coverage area and an investigation of possible base stations’ locations are 

performed. Then, constant modification is made to move the network planning 

forward. In the final phase, driving test data collection is done repeatedly in order 

to examine the coverage area until good coverage is guaranteed. After that, the 

system is ready to be deployed in the target area to provide service [38]. 

3.1.2.2 Concept of Handoff 

Handoff is an operation that allows a mobile user to move from one cell to 

another without interruption of service. The handoff procedure can be implemented 

based on many conditions such as interference levels and signal strength [39]. 

Having an accurate picture of the coverage in a given region is necessary condition 

for reliable handoffs. 

3.1.2.3 Interference 

Interference occurs when neighboring cells simultaneously operate on the 

same frequency at the same time. One of the main impairments that can limit 

performance of a cellular system in the multi-cell network is the inter-cell 
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interference. Interference causes background noise and bad voice quality when a 

call is in progress. In this case, the coverage area determination is helpful to 

eliminate interference, leading to higher quality of service [40]. 

3.1.2.4 User Location 

The mobile telecommunication network contains many base stations (BSs), 

which offer mobile telecommunication service to mobile users. Each BS represents 

a cell that is providing coverage to a particular area, and each cell is divided into 

sectors. Understanding the coverage of the sectors helps locate the users that are 

within systems service area [41]. 

3.3.2 Methods for Estimating Cell Coverage 

There are many methods of performing the estimation of coverage areas, and 

each of them has their own benefits and drawbacks, but none of them is 100% 

accurate [42]. Three performance estimation methods are described as follows. 

3.3.2.1 Geometry 

There are many methods of computational geometry. The Voronoi diagram is 

one of the most important data structures in computational geometry, and there are 

three reasons for its usefulness. First, Voronoi diagrams are seen in nature in many 

cases. Certainly, some natural processes may be used to describe specific classes of 

Voronoi diagrams. Human understanding is facilitated by visual perception. For 
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example, if one grasps the underlying structure of anything, its complete status 

might be understood at an advanced level [43]. 

Second, Voronoi diagrams have amazing and exciting mathematical 

properties; for example, they are linked to many famous geometrical structures. As 

a result, some authors consider that “the Voronoi diagram is one of the most 

fundamental constructs defined by a discrete set of points” [43]. Lastly, Voronoi 

diagrams have been shown to be a strong tool in solving unconnected 

computational problems. In the last few years, Voronoi diagrams have caught the 

interest of computer scientists [43]. However, algorithms that use Voronoi 

diagrams to estimate coverage areas do not take into consideration the features of 

the propagation environment, and they oversimplify the coverage problem [44]. For 

this reason, among others, the use of Voronoi diagrams is not being implemented in 

this work. 

3.3.2.2 Prediction 

One of the most elementary tasks in the cellular system design is propagation 

modeling and coverage prediction. Over many years a variety of approaches have 

been used to predict coverage areas using propagation models. These models are 

helpful in predicting path loss or signal attenuation, thus enabling acceptable 

reception [45]. Cellular designers usually use advanced planning tools for network 
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coverage estimation. The coverage estimation is based on terrain data combined 

with a propagation model [46]. 

3.3.2.3 Measurements 

Drive tests are normally used for collecting the Receive Signal Level (RSL). 

Because carrying out driving tests is time consuming and expensive, there is 

significant interest in improving the quality of coverage estimation that is obtained 

from a limited number of driving test measurements. The problem with drive test 

measurements is that data cannot be conducted in the whole region of the network 

because of many obstacles [46] such as buildings, lakes, and vegetation. In this 

case, the estimation of the coverage area is important and can rely on spatial 

prediction techniques such as Inverse Distance Weighting, Kriging, and Artificial 

Neural Networks. 

3.2 Binning Method 

Binning method is a method where data can be sorted into equal width bins. 

There are three types of binning are median, boundaries, and average (Local Area 

Mean). Therefore, the type of binning that is used in this research is binning by 

average, and Figure 3.1 shows an example of data before binning procedure for 50 

by 50 meters, where each bin has many of RSL measurements. To do binning for 

each bin the averaging of RSL measurements inside the bin is required in order to 

generate only one RSL value for each bin as demonstrated in Figure 3.2. 
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3.3 Kriging Method 

The principle interpolation equation in the Kriging model is given by [14]. 

 
)(z..)(ẑ

n

i
i i0 xx 




1

  
(3.1) 

where )( iz x  is the measured value at the thi  location, i  is an unknown weight for 

the measured value at the thi  location, and )(ẑ 0x  is the prediction location. 

As seen, at the point where the algorithm performs the interpolation the value 

is obtained as a weighted average from the points in the immediate neighborhood. 

The most significant task associated with the implementation of (3.1) is the 

determination of the appropriate weights. The fitted variogram is used to determine 

the weights i  that are required for local interpolation. The estimation )(ẑ 0x  may 

be unbiased by choosing the weights i Predicting numerous locations may give 

some values which could be below the real values and some above, so the sum of 

weights i  must be equal to 1 in order to guarantee that the prediction of the 

unknown measurement is unbiased [15]. 
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3.6.1 Semivariogram 

 “The variogram characterizes the spatial continuity or roughness of a data 

set. Usually, one dimensional statistics for two data sets might be equal” [14]. 

However, the spatial continuity could be dissimilar. The difference between the 

semivariogram and the variogram is just a factor of 2. The variogram is described 

as [15]. 

   22 )(Z)(ZE)( hxxh   (3.3) 

The variogram )( h2  shows differences between sites which are functions 

of the distance h between them, )(Z x  and )(Z hx   are the values of the random 

variable Z  of interest at locations )( x  and )( hx   The function of interest in 

practice is )( h , which is called a semi-variogram and is used in Kriging. The 

statistical expectation operator is  E  Kriging uses the empirical variogram )( h  

as a theoretical variogram to get the first approximation of the variogram for spatial 

prediction [15], [47]. 
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where )(Z x  is the value at location ix , )(Z hx   is the value at location hxi  , 

and n  is the number of pairs of points of observations of the values of attribute z  



 

32 

separated by distance h; the plot of )(ˆ h  against h is known as the experimental 

variogram. The experimental variogram provides useful information for 

interpolation, optimizing sampling, and determining spatial patterns [15].  

It is clear that the number of semi-variogram samples is proportional to the 

available pairs of locations. When datasets are large, the number of pairs of 

locations will grow quickly. Therefore, the binning of the distance is required in 

order to get the variogram parameters, which are the sill, the nugget, and the range 

[15]. Also, in the case of the RSL interpolation, the binning of the data is necessary 

so that the effects of fast fading are reduced. 

The bin distance is based on the size of the bin in the study area. As a result, 

the binning method is the best solution to manage this data by grouping the pairs of 

locations, which is called the lag-distance [27], and taking the average of the 

empirical semivariance of all points [15]. Optimal weights are determined to 

minimize the estimation error. The minimization is conducted in the mean square 

error sense. Calculating weights is done as in [14], [15]. 
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Modeled semivariogram values are denoted in a gamma matrix, where the 

semivariogram value )h( j,i  is a function of the distance between the two samples 

identified as the thi  and thj  locations, and m  is originated because of the 

unbiasedness constraint [14], [15]. 

The gamma vector shows modeled semivariogram values. It is the value 

between the prediction location and the measured location, where )h( i  represents 

the modeled semivariogram values and depends on the distance between the 

prediction location and the thi  sample location [2]. The first step is to create an 

empirical semivariogram that is done by taking the squared difference values and 

the distance between each pair of locations. Euclidean distance is used to calculate 

the distance between two locations as shown in equation (3.6) [14], [15], and 

Figure 3.3 shows the distance between two locations. 



 

34 

(xi , yi)

(x j , y j )
h

y

 

Figure  3.3: Distance between two locations 
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As soon as the gamma matrix is calculated, one may obtain the weights to be 

used in the prediction process. Equation (3.7) is used in the weights calculation. 
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Kriging produces an unbiased estimate with minimum variance. As a result, 

the method is in the mean squared sense. Also, Kriging has another advantage. 

Every prediction in Kriging has a corresponding standard deviation. The Kriging 

variance or prediction error can be calculated as shown in equation (3.8), and it can 

“be mapped to give valuable information about the reliability of the interpolated 

values over the area of interest. Often the Kriging variance is mapped as the 

Kriging standard deviation (or Kriging error)” [15]. 

 m),(ie  0i xx 2  (3.8) 

where ),(m),(i 0iji xxxx    for all j . 

3.6.2 Fitting Variogram Models 

The fitting model is obtained by plotting the empirical semivariance )( h  

versus the lag-distance (separation distance of the pairs) [48], and it provides 

specific parameters, namely the sill, the nugget, and the range as shown in Figure 

3.4. 
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Figure  3.4: Simple transitional variogram with range, nugget, and sill 

 

A variogram model is a parametric curve fitted to a variogram estimator. 

There are many variogram fitting models that are used in the Kriging method to 

help interpolate data accurately, and the most commonly used variogram models 

are summarized as follows [15]: 
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3.3.2.1 Spherical Model 

 

Figure  3.5: Spherical variogram model 

 

 

 



















3

10 50
2

3

a
.

a
cc

hh
h  for a h0  

 

 
10 cc   for ah  

 

   00   (3.9) 



 

38 

where a  is the range, h is the lag, 0c  is the nugget variance, and 10 cc   equals the 

sill [15]. 

3.3.2.2 Gaussian Model 

 

Figure  3.6: Gaussian variogram model 
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where a  is the range, h is the lag, 0c  is the nugget variance, and 10 cc   equals the 

sill [15]. 
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3.3.2.3 Linear Model 

 

Figure  3.7: Linear variogram model 

 

   bhc  0h  (3.11) 

where a  is the range, h is the lag, 0c  is the nugget variance, and 10 cc   equals the 

sill [15]. 
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3.3.2.4 Exponential Model 

 

Figure  3.8: Exponential variogram model 
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where a  is the range, h is the lag, 0c  is the nugget variance, and 10 cc   equals the 

sill [15]. 
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3.4 Calculating of Distance Between Longitude and 
Latitude Locations 

In the RSL interpolation, it is important to get the distance between locations 

in order to apply the interpolation technique. The distance in this case is computed 

on the earth’s sphere using the angular latitude and longitude coordinate system. 

The calculation is performed by using the following equations. 

 Convert latitude to rad degree  

 
180


 Latitude)rad(Lat  (3.13) 

 Convert longitude to rad degree  

 

180


 Longtude)rad(Long  

(3.14) 

 Calculating the distance 

 
Dis tance  cos1

sin Lat.1   sin Lat.2  
 cos Lat.1   cos Lat.2   cos Log.1 Long.2  












 R  

(3.15) 

where R is the radius of the Earth which is equal to 6373 km. 

3.5 Lee’s Criterion 

Measuring the local mean signal strength when the receiver is moved from 

one location to another needs a certain degree of averaging of the RSL 

measurements. Lee’s criterion is used to remove fast fading. It is known as 40  
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averaging. According to the criterion, the data should be averaged over a distance 

of 40 . To gain an accuracy of 1dB, at least 50 measurements should be averaged 

[49]. 

 

f

c
  

(3.16) 

where c  is the speed of light in a vacuum that is 8103 , and f  is the frequency. 
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where maxV  is the maximum speed of the driving test. 

 

maxV
T

40
  

(3.18) 

where T  is the time per second when it is possible to take measurements using an 

instrument. 

3.6 Two-Dimensional Fourier Transform 

The Fourier Transform is essential for image processing. It permits the 

completion of missions that would be impossible to achieve otherwise. Its 

effectiveness allows performing other tasks more rapidly. The Fourier Transform 

offers, amongst other things, a strong alternative to linear spatial filtering; it is more 
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effective to use the Fourier transform than a spatial filter for a large filter. Also, the 

Fourier Transform permits the separation and processing of specific image 

“frequencies”, as a result, performing high-pass and low-pass filtering with a great 

degree of accuracy [50]. 

The two-dimensional Fourier transform  v,uF  of two variables, and 

continuous function  y,xf  are represented by the equation (3.19) [51]. 

 
      










x y

vyuxj dxdyey,xfv,uF 2  
(3.19) 

In (3.19),  y,xf  represents the RSL at the location (x, y), u and v are spatial 

domain frequencies, and the transform  v,uF  represents the 2-D spectrum 

associated with the “signal”  y,xf ;  y,xf  can be obtained by applying the 

inverse Fourier transform in (3.20). 

 
      










u v

vyuxj dudyev,uFy,xf 2  
(3.20) 

3.6.1 Two- Dimensional Discrete Fourier Transform 

In two dimensions, the discrete Fourier transform “takes a matrix as input, 

and returns another matrix, of the same size, as output. If the original matrix values 
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are  y,xf , where x  and y  are the indices, then the output matrix values are 

 v,uF ” [50]. 

The interest is in the discrete function of the Fourier Transform, so the 

Fourier transform of a discrete function of two variables  y,xf  of size MXN  is 

given by equation (3.21). 
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and  y,xf  can be obtained via the inverse Fourier transform in (3.22) 
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Equations (3.21) and (3.22) represent the two-dimensional discrete Fourier 

transform (DFT), where variables u and v are transform or frequency variables, and 

x and y are spatial domain frequencies. 

3.7 Ideal Low-Pass Filter 

The Ideal Low-Pass Filter (ILPF) is important for the sampling of signals and 

distances in images. The basic filtering in frequency domain has the following 

model [52]: 

 )v,u(F)v,u(H)v,u(G   (3.23) 
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where )v,u(G  is the filtered image, )v,u(H  is the filter transfer function, and 

)v,u(F  is the discrete Fourier transform (DFT). The aim is to choose the best filter 

transfer function )v,u(H  that can result in )v,u(G  by reducing the high frequency 

components of )v,u(F  [52]. 

The 2-D ILPF passes all frequencies that are within the circle of the radius 

0D  from the origin and cuts off all frequencies above the cutoff frequency, and its 

transfer function is [52], [53]: 
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(3.24) 

where )v,u(D  is the distance between points )v,u(  to the center of frequency 

rectangular, and 0D  is the cutoff frequency which is a nonnegative value. The 

transfer function of the ILPF )v,u(H  is shown in Figure 3.9 [52], [53]. 

 

Figure  3.9: Perspective plot of an ideal low-pass filter transfer function. (b) Filter 
displayed as an image. (c) Filter radial cross section [51] 
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The blurring and ringing properties of ILPF shows that it is not very 

functional [52], [53]. However, it is very important in the practical implications of 

the sampling theorem. “Since most signals are not bandlimited, they must be made 

so by low-pass filtering before sampling” [54]. Sampling a signal at a required rate 

sf  and gratifying the conditions of the sampling theorem required the signal to be 

prefiltered by a low-pass filter [54]. 

3.8 Filtering in Frequency Domain 

The reasons for using the Fourier transform in image processing is because of 

the convolution theorem; a spatial convolution can be achieved by element-wise 

multiplication of the Fourier transform by a suitable filter [50]. Filtering in the 

frequency domain is an uncomplicated process. It can be described in the following 

steps [53]: 

 Centering the transform of the input image by multiplying the input image 

)y,x(f  by yx)( 1 . 

 Determining the discrete Fourier transform )v,u(F  of the input image. 

 Multiplying )v,u(F  by the transfer function of the filter )v,u(H . As a result, 

the filtered image )v,u(G  is ready to be calculated, using the inverse discrete 

Fourier transform in order to get a reconstructed image. 
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3.9 Image Processing 

Image processing is an operation such as analyzing, correcting, and 

improving an image [51]. There are two methods of image processing which are 

analog and digital image processing. Digital image processing usually refers to 

processing a two dimensional picture by means of a digital computer [55]. 

3.9.1 Image Quality Measurement 

Image quality measurement is essential for most applications of image 

processing. The purpose of objective image quality evaluation is to provide quality 

metrics that can predict observed image quality after applications are done such as 

transmitting, compressing, and processing, etc. [56], [57]. Signal-to-Noise Ratio 

(SNR) and Mean Squared Error (MSE) are the most generally used image quality 

metrics [57]. The mathematical models for MSE and SNR are shown in equations 

(3.25) and (3.26). 
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where )y,x(f  is an uncorrupted image and )y,x(f̂  is an estimated image. 
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3.9.2 Image Arithmetic Operations 

Image arithmetic is the application of normal arithmetic operations, such as 

multiplication, division, addition, and subtraction on an image. In image processing 

there are many image arithmetic uses including both simple and complex 

operations. For instance, the subtraction of an image is used to identify differences 

between images of the same object [58]. 
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Chapter 4: Measurement Environment and 
PCS Frequencies 

4.1 Measurement Environment 

Coverage areas of Radio Frequency are geographically dependent. Coverage 

area is influenced by environment type, which is one of the geographical variables. 

The environments of coverage areas it can be classified into three main categories: 

rural, suburban and urban. 

The RSL measurements in this research were gathered in an environment that 

may be classified as a suburban environment. In addition, the majority of the US 

cities might be considered as suburban areas. The prospect is that determining the 

sampling distance that is going to be practical to related types of environments 

across the country. The suggested proposed process is to determine the spatial 

sampling distance in cellular networks for suburban environment that may be 

helpful for RSL data collection. In this research, a comprehensive study, 

measurements, and explanation of spatial sampling of coverage area has been done. 

Collection of RSL measurements is performed in the area of interest, which is 

located in Melbourne, FL, USA. The satellite view of the study area is shown in 

Figure 4.1. 
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Figure  4.1: Satellite view of the studied environment 

 

Although, the study is performed at a specific frequency; the methodology 

should be widely applicable across all UHF/VHF frequencies used for personal 

communication systems. The Melbourne area is a suburban area. In order to collect 

the RSL measurements, the transmitter is installed on the rooftop of a multi-story 

building, which allowing the coverage area to be wide. The majority of houses in 

the selected area are one to two floors, and their heights range from 4 to 9 meters. 

Also, there are open areas such as small artificial lakes, parks, and vegetation as 

shown in Figure 4.2. 
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Figure  4.2: Street map of study area 

 

4.2 PCS Frequencies 

The electromagnetic spectrum provides a wide range of frequencies. In 

addition, radio frequency is used in band range from 3 kHz to 300 GHz. The Table 

4.1 shows the electromagnetic spectrum, where the range of wavelengths in free 

space is from 1 mm to 100 km. 
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Table 4.1: The electromagnetic spectrum 

Category Acronym Frequency Wavelength (λ) 

Extra High Frequency XHF 30 GHz-300 GHz 1 mm-1 cm 

Super High Frequency SHF 3 GHz-30 GHz 1 cm-10 cm 

Ultra High Frequency UHF 300 MHz-3 GHz 10 cm-1 m 

Very High Frequency VHF 30 MHz-300 MHz 1 m-10 m 

High Frequency HF 3 MHz-30 MHz 10 m-100 m 

Medium Frequency MF 300kHz-3 MHz 100 m-1 km 

Low Frequency LF 30 kHz-300 kHz 1 km-10 km 

Very Low Frequency VLF 3 kHz-30 kHz 10 km-100 km 

Extremely Low 
Frequency 

ELF < 3 kHz > 100 km 

 

The majority of applications of mobile radio communication are operated in 

frequency bands from 30MHz-3GHz (VHF/UHF bands). The wavelength runs 

from 10 cm to 10 m in these frequency bands. As a result, VHF/UHF bands are 

appropriate for wireless communications because the size of the antenna has to be 

comparable to the wavelength. In addition, Personal Communication Service (PCS) 

includes a wide variety of wireless communication systems for voice and data that 

are offered in the 1850-1990 MHz band. This band is usually indicated as the 1900 

MHz band. The RSL measurements in this research were collected in the 1900 

MHz band. 
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Chapter 5: Measurement System and 
Procedure 

5.1 Equipment Description 

The measurement system consists of a PCS transmitter, transmit antenna, 

receiver, receive antenna, GPS (Global Positioning System) GlobalSat BU-353-S4 

and a laptop with a software. An illustration of the data collection system is 

presented in Figure 5.1. The system consists of the following parts: 

Transmit antenna

Transmitter
GPS

Receiver antenna

Receiver
PC

 

Figure  5.1: Illustration of the measurement system 
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5.1.1 Transmitter 

Berkeley Varitronics Systems Transmitter has been used in this research. It 

consisted of a power amplifier and continuous wave (CW). The transmitter is used 

to evaluate PCS band signal propagation, and the frequency range is 1.85 to 2.1 

GHz, where the power is up to 43 dBm. This transmitter allows the transmission of 

the signal at the radio frequency of 1900MHz. it has LCD screen that displayed 

operating status, RF power and frequency. Also, it has a control knob that can be 

used for adjusting both power and frequency to the preferred level. Figure 5.2 

shows the transmitter. 

 

Figure  5.2: Transmitter 
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5.1.2 Transmit Antenna 

The transmitter antenna is used in the transmission of signals to be measured. 

The frequency ranges between 1850 MHz and 1990 MHz. It also radiates in a 

horizontal plane with 6 dBi gain. The base station antenna is shown in Figure 5.3. 

 

Figure  5.3: Transmit antenna 

The technical specifications of the transmit antenna is provided in Table 5.1. 

Table  5.1: Transmit antenna technical specifications 

Frequency Range [MHz] Type Gain [dBi] Polarization Length [cm] 

1850-1990 Omni 6 Vertical 90 
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5.1.3 Antenna Pattern 

The antenna radiates energy into space, as can be understood by looking at 

the antenna pattern. Generally, there are two principal patterns, the azimuth pattern 

and the elevation pattern. While the azimuth pattern indicates the horizontal plane 

pattern, the elevation pattern shows the pattern in the vertical plane. The use of 

patterns is to calculate the antenna gain in a given direction. The antennas can be 

categorized as: omni-directional, directional, and isotropic. The isotropic antenna 

has a uniform gain, and radiates the energy in all directions equally. Those types of 

antennas could have a pattern of spherical radiation. A directional antenna can 

radiate energy more in one or more directions effectively. Usually, these types of 

antennas have several minor lobes and one main lobe. The omni-directional 

antenna radiates energy uniformly in a certain plane with a directional pattern in an 

orthogonal plane. 

The transmit antenna that was used in this research is an omni-directional 

antenna in the horizontal plane, which has a uniform pattern in the azimuth plane. 

That means the transmit antenna has a uniform gain in the azimuth direction with a 

directional gain in the elevation direction. A plane cut of the azimuth pattern of the 

antenna at the polar coordinates is shown in Figure 5.4. The antenna gain in the 

azimuth direction fluctuates between almost 6 to 7 dB. This variation can be 

ignored. As a result, the gain of the azimuth direction is about 6.5 dB. 
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Figure  5.4: Azimuth antenna pattern 

 

The antenna gain in the azimuth plane is nearly constant, but there is 

noteworthy change as the elevation changes. It is obvious that the gain of the 

antenna is a function of the elevation angle between the receiver and the 

transmitter. A plane cut of the antenna elevation pattern can be seen in Figure 5.5. 

The maximum gain of the antenna, which happens when the elevation angle is zero 

degrees, is 6.5 dB. Thus, the antenna gain is shifted by 30 dB. It can be seen from 

the antenna pattern data that there are two sets of data for antenna gain in the 
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elevation direction. The average of the two sets was considered as the antenna gain 

in the elevation direction. The antenna pattern data are provided in the appendix B.

 

Figure  5.5: Elevation antenna pattern 

 

The antenna pattern can be plotted in Cartesian coordinates, particularly 

when there are many minor lobes, the levels of which are significant, as shown in 

Figure 5.6.The antenna pattern of the main lobe has a range from -11 to 11 degrees 

in its elevation angles (θ). Nonetheless, what is most significant from a practical 

point of view is the part of the lobe where the values of θ are the negative.  
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Figure  5.6: Elevation antenna pattern in Cartesian coordinates 

 

There is a drop in the antenna gain from maximum (6.5 dB) for θ=0 to about 

-13 dB for θ=-11 degrees as shown in Figure 5.6. There are positive values for the 

gain for θ ranging from 0-7 degrees as shown in Table 5.2. 
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Table  5.2: Elevation angle and corresponding antenna gain 

Gain [dB] θ 

6.5 0 

6.5 -1 

6.4 -2 

6 -3 

5.7 -4 

5 -5 

4 -6 

2 -7 

-0.4 -8 

-3.7 -9 

-7.9 -10 

-13.5 -11 

 

To guarantee that there is a proper consideration given to antenna pattern 

effects, only values of antenna gain with θ in a range of 0 to -11 degrees are 

considered. Thus, any measurement locations for which the elevation angle 

between the base station and the relay station is greater than 11 degrees will be 

ignored. 
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5.1.4 Receiver 

An Agilent Technologies JDSU-E6456 UMTS-1900 MHz digital receiver is 

an air interface measurement system. It is used to collect RSL measurements at 

different spatial points. A software is called E6474A has been used in this research 

to create the measurements. E6474A is Wireless Network Optimization Platform 

(WNOP) that is operated on a Laptop and interface with the used JDSU digital 

receiver.  

The software is used to display the measured parameters, control, and 

manage and the measurements. The software produces a file consists a complete 

report list. It contains received signal level, frequency, time, and date. The receiver 

that is used to measure RSL shows in Figure 5.7. 

 

Figure  5.7: Receiver 

The channel analyzer outlook is used to display the UMTS channel in a 

chosen frequency band. This software is capable to do measurement averaging and 

user list scan. The software can display the amplitude of the radio-frequency 
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channel number (ARFCNs) for both BCCH and CPICH measurements with their 

power levels. A snapshot of the RSL measurements of preselected channel is 

presents in Figure 5.8. 

 

Figure  5.8: Display of measured channel 

 

5.1.5 Receiver Antenna 

In this research a one receive antenna has been used to collect RSL 

measurements. It is used to represent the mobile station. It has an omni-directional 

pattern and covers the entire PCS frequency band. Figure 5.9 shows the receiver 
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antenna that is used in this research. The technical specification of the receiver 

antenna is shown in Table 5.3. 

 

Figure  5.9: Receive antenna 

 

Table  5.3: Technical specification of receive antenna 

Frequency 
Range [MHz] 

Gain 

[dBi] 
Pattern 

Whip Length 
[inch] 

Mount 
Diameter [inch] 

Cable Length 
[feet] 

1850-1990 2.5 Omni 9 3.5 12 
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5.1.6 GPS Antenna 

The GPS that is used in this work is GlobalSat BU-353-S4. It is a USB 

magnet mount, and its characteristics are extreme sensitivity, low power 

consumption, and an ultra-compact chipset. The GlobalSat BU-353-S4 is 

appropriate for automotive navigation, marine navigation, mobile phone 

navigation, personal positioning, and fleet management. It is compatible with 

Microsoft Windows. A SiRF Star IV GPS chipset is used in this GPS, which 

delivers high performance in urban canyons as well as in dense foliage. 

It uses a 48-channel antenna, which allows the receiver to give the highest 

degree of accuracy. It is connected with the PC to allow JDSU Wireless Solutions 

software to identify and store the position of measured data in terms of latitude, 

longitude, and altitude. The stored position helps the user to get the best 

interpolation of the coverage area. Figure 5.10 shows GPS that has been used in 

this work. 
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Figure  5.10: GlobalSat BU-353-S4 
 

5.1.7 Software 

The E6474A software was used to collect the measurements in this 

research. It was installed on a laptop. The software was used to measure the RSL at 

different locations and provide values of RSL on a screen along with corresponding 

frequencies. The spectrum analyzer shows the frequency on the x-axis [in GHz]. 

Also, it maps the RSL on the y-axis [in dBm]. Figure 5.11 provides a graphical 

representation of the measurement of the RSL at other frequencies. 

The E6474A software can provide the location of the RSL measurements 

simultaneously. The “Channel power is the total integrated power in a user-

defined channel width. A modulated transmitter can be used in conjunction 

with channel power measurements to further characterize a site” [59]. A CW 
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power analyzer can be used for site evaluation testing. It has two functions: 

to set up the source of a signal which will transmit a CW signal at the 

preferred power level, and to open a receiver bar chart to use as a CW Power 

Analyzer view as shown in Figure 5.12. 

The RSL measurements and their corresponding frequencies can be displayed 

graphically and numerically. The maximum and minimum graphical signal 

strengths are -120 dBm and -30 dBm, respectively. Furthermore, the software 

creates an Excel file for every recording session. The Excel file contains a full 

report of real time activity. This report provides date, time, frequency, longitude, 

latitude, received signal level and altitude, as well.  

 

Figure  5.11: Spectrum Views 
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Figure  5.12: CW Power Analyzer View 

 

5.2 Receiver Noise Floor and Noise Figure 

The noise power at the input of a receiver can be given as 

 kTBPN   (5.1) 

where 

k : Boltzmann constant = 1.379 x10-23 [W/HzK]  

T : Absolute temperature in Kelvin [K]  

B : Receiver bandwidth in Hertz [Hz]  



 

68 

Equation (5.1) can be used to calculate noise power, and the input noise floor 

at room temperature (295 K) can be obtained where  the antenna port is (B= 12 

kHz) as following: 

kT = 295 x 1.379 x10-23 = 4.07 x 10-21 W/Hz = 4.07 x 10-18 mW/Hz (5.2) 

PN = kTB = 4.07 x10-18 x 12 x103 = 4.884x 10-14 mW = -133.11 dBm. (5.3) 

The noise power increases at the output of the receiver because of the active 

electronic components. This raise can be called noise figure (F) which is the ratio 

of the SNRinput to the SNRoutput, and can be given in decibels as: 

 ]dB[SNR]dB[SNR]dB[f outputinput   (5.4) 

Consequently, the receiver noise floor (NF) can be computed as: 

 ]dB[F]dBm[KTB]dBm[NF   (5.5) 

Taking into consideration that the JDSU-E6456 UMTS-1900 MHz digital 

receiver has a noise figure (F) approximately 11 dB, at this point, the noise floor 

(NF) of the receiver can be calculated by using equation (5.5), which is equal to -

122 dBm. As a result, if the average of the RSL measurements is close to the NF 

value, then it can be considered that the RSL values are just noise. 
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procedure was carried out in the Wireless Center of Excellence (WiCE) lab at 

Florida Institute of Technology and lasted for 24 hours. The RSL values have been 

recorded as an Excel file. 

About 1,019,692 measurements of RSL were recorded. Figure 5.14 shows the 

RSL measurements for the 24 hours test. This test shows that the frequency 1925 

MHz is not occupied by another application, because the average of RSL 

measurements is around -122 dBm. 

 

Figure  5.14: Signal strength measurements at frequency 1925 MHz for 24 hours 
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5.4 Procedure 

A drive test was performed in order to collect the RSL measurements. The 

equipment that is described in this section was used in the drive test. The 

experimental RSL data were gathered during the daytime in an outdoor 

environment. The RSL measurements were collected over a period of about seven 

days with the same weather pattern. The measurements were collected in the 

typical US suburban environment of Melbourne, FL, USA. 

Generally, the majority of the buildings are made of wood with the exclusion 

of a small number of buildings that are made of combined materials; bricks for 

walls, glass for windows, concrete for floors or concrete for frame. The base station 

transmitter is fixed, while the receiver is mobile. The transmit antenna is an omni-

directional type with a gain of 6 dBi, and vertical polarization. The base station 

antenna is installed on the top of multi-story building (Crawford Building at Florid 

Institute of Technology) as shown in Figure 5.15. 

Thence, the real height of the transmit antenna is the height of the building, 

height of the mast, and half height of the transmit antenna itself. After that, the 

antenna was connected to a transmitter producing a continuous wave (CW) signal. 

The measurements were performed in the 1900MHz band, which is one of the 

principal bands for deploying the LTE and LTE-Advanced. 
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Figure  5.15: Illustration of the base station 

The RSL data collection method at the receiver end has one level of height. 

The height of the antenna is about 1.7 meters. The equipment was installed inside a 

vehicle, and the omni-directional receive antenna was mounted on the roof of the 

vehicle. Then the antenna was connected to the receiver to collect the RSL 

measurements at the mobile station. After that, the receiver was connected to the 

laptop to start monitoring the RSL measurements. 

The final step of equipment installation was to provide electricity to the 

receiver and laptop by using a DC to AC converter. Furthermore, a GPS was used 
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to locate the coordinates of the receiver. As a result, each RSL value that was 

recorderd has longitude and latitude. The parameters connected with the 

measurements are given in Table 5.4. 

Table  5.4: Parameters connected with the measurement campaign 

Parameter Value 

Operating frequency 1925 MHz 

T
ra

n
sm

it
te

r 

Antenna height 33 m 

Transmitting power 43 dBm 

Antenna gain 6 dBi 

Cable and connector losses 0.5 dB 

R
ec

ei
ve

r 

Noise figure 11 dB 

Antenna height 1.7 m 

Antenna gain including cable and 
connector losses 

11.7 dBi 

 

A drive test was performed in the targeted geographic area, where RF 

measurements were detected and stored. The driving speed is based on Lee 

criterion calculation that was described in previous chapters. The drive test was 

performed on every road that was accessible. The measurements that were collected 
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are shown in Figure 5.16. It is clearly seen that the large values of RSL are located 

near the transmitter, and the small RSL values can be seen once the receiver started 

moving far away from the base station. Those measurements are going to be used 

to interpolate gaps that do not have RSL values. 

 

Figure  5.16: View of the studied environment and measured data 
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Chapter 6: Cell Coverage Area Estimation 
From Receive Signal Level (RSL) 

Measurements 

This chapter explains the interpolation of the coverage area by using the 

Kriging method that has been explained in previous chapters. There are steps to 

apply Kriging as follows: 

6.1 Data Preprocessing 

The RSL data’s recorded files were organized by combining all files into one 

data file after removing the information that was not usable in this research. The 

file has information such as longitude, latitude, and RSL. After preparing the data, 

binning is a first step that needed to be done. It is a method where data can be 

sorted into equal width bins by determining the average of RSL measurements 

within the bin. 

The coverage area was divided into specific bins that are 25x25 meters, 

50x50 meters, 100x100 meters, and 200x200 meters. A Matlab code was used to 

perform binning. Since the data set is large, the binning was done for the coverage 

area as shown in Figures 6-1 to 6-4 with different resolutions. In this research, the 
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binning is based on separation of adjacent bins, such as 200x200, 100x100, 50x50 

and 25x25 meters resolution. 

Figure 6-1 shows that a drive test did not take place in many locations 

because of obstacles that exist in the area of interest. The interpolation in this case 

is very important to fill those locations that do not have RSL values. 

 

Figure  6.1: Original coverage area of 25x25 meters resolution 

 

Also, the 50x50 m binning of the coverage area has locations that are missing 

RSL measurements. Figure 6-2 illustrates the original coverage area of 50x50 

meters resolution. 
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Figure  6.2: Original coverage area of 50x50 meters resolution 

 

However, the original coverage area of 100x100 m and 200x200 meters 

resolution shows fewer gaps as shown in Figures 6-3 to 6-4.  
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Figure  6.3: Original coverage area of 100x100 meters resolution 
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Figure  6.4: Original coverage area of 200x200 meters resolution 

 

6.2 Calculation of Experimental Semivariogram 

Every spatial point can be described as a point of intersection of both the x-

axis and the y-axis, where longitude is the x-axis and latitude is the y-axis. 

Calculating the semivariogram fitting model is done by plotting the empirical 

semivariogram versus the distance as shown in Figures 6-5 to 6-8. The empirical 

semivariogram cloud shows that the number of pairs of locations will rise quickly 

when the dataset becomes large. 
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Figure  6.5: Empirical semivariogram cloud of 25x25 meters resolution 

 

Figure  6.6: Empirical semivariogram cloud of 50x50 meters resolution 
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Figure  6.7: Empirical semivariogram cloud of 100x100 meters resolution

 
Figure  6.8: Empirical semivariogram cloud of 200x200 meters resolution 
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When the dataset is large, the calculation of the semivariogram fitting model 

becomes difficult. As a result, the points of the variogram cloud may be gathered 

into classes of distances ("bins") in order to find the variogram fitting model for the 

targeted area. The linear fitting variogram model is being the result of the 

measurements obtained from the collected data for all bin sizes as shown in Figures 

6-9 to 6-12. 

 

Figure  6.9: Linear variogram model of 25x25 meters resolution 
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Figure  6.10: Linear variogram model of 50x50 meters resolution 

 

Figure  6.11: Linear variogram model of 100x100 meters resolution 
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Figure  6.12: Linear variogram model of 200x200 meters resolution 

 

6.3 Kriging Interpolation 

The interpolation of the coverage area was done. The views of the coverage 

area for 200x200, 100x100, 50x50, and 25x25 meters resolution are shown in 

Figures 6-13 to 6-16. The interpolation of the coverage area of 25x25 meters 

resolution gave more details about the RSL, and it is smooth as shown in Figures 6-

13. 
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Figure  6.13: Interpolated coverage area of 25x25 meters resolution 

 

Figure  6.14: Interpolated coverage area of 50x50 meters resolution 
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Figure  6.15: Interpolated coverage area of 100x100 meters resolution 

 

Figure  6.16: Interpolated coverage area of 200x200 meters resolution 
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Measurements of the RSL in the 1925MHz band in a suburban area were 

collected. The interpolation of a specific coverage area was done successfully. 

Measurements show that the semivariogram model is linear. The use of Kriging 

proves to be very effective. It shows a good result when the coverage area was 

divided into different bin sizes that are 200x200, 100x100, 50x50, and 25x25 

meters of resolution. Likewise, the importance of the exact measurements of the 

RSL for the binning procedure is shown. The approach looks very promising and it 

is believed to be worth pursuing at a larger scale. 
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Chapter 7: Sampling Distance of Coverage 
Area 

The main purpose of this research explained in this chapter is to determine a 

sampling distance for the coverage area of a suburban environment through an 

intensive study. 

7.1 Fourier Spectrum of the Surface 

Using two dimensional Fourier analysis, the 2-D spectrum of the RSL surface 

may be obtained as: 

       









x y

yvxuj dxdyey,xfv,uF 2  (7.1) 

In equation (7.1),  y,xf  represents the RSL at the location  y,x , u and v 

are spatial domain frequencies, and the transform  v,uF  represents the 2-D 

spectrum associated with the “signal”  y,xf . 

In the process of the measured data collection, the continuous RSL surface is 

sampled. Therefore, its 2D spectrum needs to be estimated through its samples 

using the discrete Fourier transform as: 



 

89 

       









m n

nvumjen,mfv,uF 2  (7.2) 

In equation (7.2),  n,mf  represents the RSL measurement taken at the 

location  00 ny,mx  and, 0x  and 0y  are sampling distance increments in x  and y  

direction from the transmitting site. 

As in any practical application the RSL surface spans only finite portion of 

the x-y plane, the summation in (7.2) is performed over a finite amount of samples. 

This leads to a 2-D spectrum given by 
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nvumjen,mfv,uF   (7.3) 

The 2-D spectrum in (7.3) captures all the frequency components 

participating in the build out of the “signal”  y,xf  The spatial sampling results in 

the periodic extension of the signal’s 2-D spectrum. The spatial frequency of the 

sampling process needs to be sufficiently high so that the aliasing between the 

spectrum replicas is negligible. 

As a further clarification, consider the 2-D magnitude spectrum, i.e.  v,uF , 

associated with the RSL surface shown in Figure 1.1, presented in Figure 7.1. The 

RSL is sampled over a 6km by 6km area with the sampling distances 1000 x  m 
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and 1000 y  m. The spectrum in Figure 7.1 is generated after the DC component 

of  y,xf  is removed. The plot in Figure 7.1 reveals that the RSL surface is a low 

pass 2-D signal and that one may establish the highest frequency in its 2-D 

spectrum - maxF . 

The contribution of the spectral terms that are above the highest frequency to 

the overall energy of the  y,xf  becomes negligible. Hence, based on the well-

known Nyquist sampling criterion, the sampling frequency needs to be at least two 

times maxF , and the maximum sampling distance in the x-y plane is given as: 

 
max

max F
d

2

1
  (7.4) 
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Figure  7.1: 2D-Spectrum associated with the RSL surface given in Figure 1.1 

 

Therefore, to determine the maximum sampling distance required for 

sampling of the RSL surface, one may follow the following procedure: 

 Perform sampling of  y,xf  at the smallest possible distance increments 0x  

and 0y  that are guaranteed to satisfy the requirement given in (7.4). 

 Use low pass filter to determine the largest significant frequency in the 

spectrum of the sampled signal, maxF . Once the largest significant frequency 

is determined, the maximum sampling distance in the spatial domain is given 

by (7.4). 
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Following the above outlined procedure faces several obstacles. Firstly, the 

value of maxF  is directly related to the variability of the RSL caused by the log 

normal shadowing. The log normal shadowing is environmentally dependent and 

therefore maxF  becomes environmentally dependent as well. Therefore, the initial 

sampling needs to be done at a fairly fine grid that guarantees that the criterion in 

(7.4) is satisfied. 

Secondly, the measurement can never be collected over the entire area of 

interest. Therefore one needs to rely on the interpolation to generate a best estimate 

of the entire RSL surface. This topic is discussed in [6]. Finally, one needs to 

establish a criterion for determination of the maxF . By eliminating all the spectrum 

components outside of the maxF  circle in Figure 7.1, a fraction of the  y,xf  energy 

is eliminated as well. As a result of this elimination, a filtered version of the 2-D 

spectrum is obtained as: 

     








 


max

^

F

vu
v,uFv,uF

22

 (7.5) 

where  
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x,

x,
x  (7.6) 
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The RSL surface that corresponds to the filtered version of the 2-D spectrum 

may be obtained through the inverse Fourier transform of (7.5). In other words: 
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A natural way of quantifying the difference between  n,mf  and  n,mf̂  are 

the average Root Mean Square Error (RMSE), and the corresponding Signal to 

Noise Ratio (SNR) which are defined by: 
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(7.9) 

where f  is the average RSL over the entire area of interest. The SNR in (7.9) 

depends on maxF . As maxF  becomes smaller, more high frequency components 

from the 2-D spectrum are eliminated. As a result, the RMSE in (7.8) becomes 

larger and therefor the SNR in (7.9) becomes smaller. Based on study reported in 

[7], the RSL measurements are repeatable within 3dB. In this paper, the difference 
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between  n,mf  and  n,mf̂  that is a result of filtering in (7.5) is considered as a 

random variable. The highest significant frequency maxF  is determined so that 

the absolute value of this difference is below 3dB in more than 95% of points. 

7.2 Verification of the Sampling Distance of 
Coverage Area Approach 

The proposed approach for determining required sampling distance is verified 

through a measurement campaign. The area used for verification is presented in 

Figure 7.2. The measurements collected for the area are shown in Figure 5.16 as 

well. The data are collected with the spatial resolution of 25m. In other words, over 

the drive test route, a measurement is recorded every 25m. It is assumed that this 

resolution is higher than what would be required by the condition in (7.4). Also, as 

it may be seen, the data are collected over all locations available for drive testing – 

i.e., every road in the area is tested. 

7.3 Baseline RSL Map 

From the data shown in Figure 5.16, a baseline RSL surface is crated. The 

baseline surface has a bin resolution of 25 by 25 m. The interpolation process is 

based on the Kriging method described in chapter 3. The baseline map created 

through the interpolation is shown in Figure 7.2. It is taken as the accurate 

representation of the RSL surface. 
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Figure  7.2: Baseline RSL surface obtained from data in Figure 5.11 through 

Kriging interpolation 

 

The algorithm shown in Figure 7.3 is used to determine the maximum 

frequency in the spectrum of the RSL surface. The interpolated RSL surface is 

transferred into the frequency domain through a 2-D Fourier transform. The Fourier 

spectrum of the surface is low-pass filtered as shown in Figure 7.1. The filtered 

version of the spectrum is brought back into the spatial domain through the inverse 

2D Fourier transform. 
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 nmf ,

 nmf ,ˆ

 
Figure  7.3: Algorithm for determination of the maximum frequency in the RSL 

surface spectrum 

 

Taking the normal distribution of difference between surfaces as shown in 

Figure 7.4, it is then essential to perform RMSE and SNR metrics. The difference 

itself is a random variable, so it needs to be smaller than 3 dB with a certain 

percentage of error which is 95%. 
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Figure  7.4: Normal distribution of difference between surfaces 

 

Taking the absolute of the normal distribution as shown Figure 7.5, we 

compare it with   vs RMSE to identify  in Figure 7.6, where the mean of data is 

zero. 
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Figure  7.5: Absolute of the normal distribution of difference between surfaces 

 

Based on the normal distribution that is shown in the figure above, the   is 

equal to 0.4 which gives a distance of 63 meters. However in our case, it seems that 

  is equal to 0.3 because the distribution is not normal. In this case, the cut off 

frequency of 0.3 is achieved rapidly. 
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Figure  7.6:   vs RMSE of difference between surfaces 

 

The results of the process are summarized in Table 7.1. The table shows the 

following columns: 

 
2/f

F

s

max  represents the normalized cut off frequency of the low-pass filter. 

The initial sampling of the RSL surface through the drive test process is 

performed at the resolution of 25m.  Therefore the sampling distance 25sd  

m and the sampling frequency is 040.f s   m-1. 

 The average RMSE is calculated on the basis of (7.8). 
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 95% of the RMSE: The difference between the filtered RSL surface  n,mf̂  

and the baseline RSL surface  n,mf  at a given point  n,m  may be treated 

as a random variable. The value reported in this column is the 95% percentile 

of the estimated cumulative distribution. In other words, 95% of the points 

exhibit an absolute difference smaller than the value reported in this column. 

 The average SNR is calculated using (7.9). 

 Fd  - sampling distance is calculated as /dd sF  . 

Table  7.1: Values of MSE and SNR as a function of the filtering frequency 

2/f

F

s

max  
Average 

RMSE (dB) 

95% of 

RMSE (dB) 

SNR (dB) 
Fd  (m) 

0.2 2.42 3.75 10.52 125 

0.3 1.97 2.92 12.45 83 

0.4 1.68 2.43 13.93 63 

0.5 1.47 2.16 15.10 50 

0.6 1.30 2.00 16.22 42 

0.7 1.14 178 17.34 36 

0.8 0.98 1.58 18.65 31 

0.9 0.80 1.27 20.43 28 

 



 

101 

As expected, larger results in a smaller MSE and a larger SNR. At the 

same time, larger maxF  results in a more frequent sampling of the RSL surface in 

the spatial domain. For example, the value of 40. , yields a filtering frequency 

of 0080.Fmax   which corresponds to the sampling distance of 63 meters. This 

sampling distance introduces an average RMSE of roughly 1.68dB and the 95% 

value of 2.43dB. The SNR of the approximation is on the order of 13.93dB. 

Based on the values in Table 7.1, and the study in [60], the choice of 30.~  

seems to be appropriate. This choice corresponds to the sampling distance of 83m 

and the 95% value of 2.92dB which is within bounds of the RSL measurement 

repeatability. 

Shannon sampling theory was used to determine the proper spatial sampling 

distance in the RSL measurements. It is demonstrated that the RSL surface may be 

treated as a two-dimensional low pass signal for which a maximum cutoff 

frequency maxF  can be established. Through experimental work, such cutoff 

frequency is established for a typical suburban environment in the US. The value of 

maxF  in the considered environment is 0.006 1/m and the value for the 

corresponding sampling distance is 83m. 

maxF



 

102 

Chapter 8: Conclusions and Future Work 

8.1 Summary and Conclusions 

This dissertation presented and analyzed the results of an interpolation 

method for RSL measurements in the 1900MHz band in a suburban area. The 

interpolation of a particular coverage area was done successfully. Applying the 

Kriging method was confirmed to be very efficient. 

The semivariogram of Kriging that was calculated from measurements is a 

linear model. Kriging gave an excellent result when the coverage area was divided 

into different bin sizes that are 25x25, 50x50, 100x100, and 200x200 meters of 

resolution. Furthermore, the significance of the binning procedure for RSL 

measurements is shown in this research. The approach of interpolation of coverage 

area seems to be very hopeful, and appears to be worth pursuing on a larger scale. 

The shannon sampling theory has been used to compute the appropriate 

spatial sampling distance in the RSL measurements. It is explained that the RSL 

surface may be handled as a two-dimensional low pass signal for which a 

maximum cutoff frequency maxF  can be found. Through experimental work, such 

cutoff frequency is established for a typical suburban environment in the US. The 
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value of the maximum cutoff frequency maxF  in the measured environment is 

0.006 1/m, and the value for the identical sampling distance is 83m. 

Generally speaking, the cutoff frequency and the corresponding sampling 

distance are functions of the propagation environment. It is expected that 

environments with higher variability of the path loss, i.e., with more pronounced 

lognormal shadowing, have a higher value of maxF  Hence, the sampling distance in 

such environments needs to be smaller than the one obtained in this work. 

Similarly, for environments that are less variable than the suburban environment in 

this study, the value of maxF  should be smaller and correspondingly a coarser 

sampling in the spatial domain may be appropriate. For future efforts, a study that 

establishes maxF  value and corresponding sampling distance across various 

propagation environments may be appropriate. 

8.2 Future Work 

The existing work in this dissertation proposes a well known method of 

estimation, Kriging, for the coverage area in cellular systems. Therefore, the 

measurements were carried out in a certain environment. It is known that the 

coverage area performs differently as the environment changes. Therefore, the 

extension of this research may contain the following: 
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 Evaluating the proposed deriving spatial sampling method in different 

environments such as, rural, dense urban or urban, and then 

determining the spatial sampling of each environment. 

 Collecting measurements at different frequency bands, and 

consequently computing spatial sampling for all environments. Also, 

comparing them with a suburban environment. 
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Appendix A: Average Semivariance and 
Average Distance 

Coverage Area of 25x25 Meters Resolution 

 

# Average Pairs 
Distance 

Average 
Semivariance 

1 25.00 11.41 
2 44.78 13.69 
3 66.40 16.52 
4 88.98 17.84 
5 114.53 19.43 
6 139.33 20.14 
7 161.92 21.57 
8 186.11 22.57 
9 213.49 23.51 
10 241.63 24.09 
11 265.96 24.34 
12 289.90 24.99 
13 315.42 25.45 
14 340.87 25.88 
15 364.73 26.59 
16 389.12 27.21 
17 414.91 27.62 
18 441.95 28.37 
19 467.50 29.01 
20 492.04 29.55 
21 517.11 30.15 
22 542.05 30.74 
23 567.18 30.48 
24 591.49 31.19 
25 616.49 32.06 
26 641.70 32.73 

 

 

# Average Pairs 
Distance 

Average 
Semivariance 

27 666.57 33.58 
28 692.77 34.42 
29 718.78 34.87 
30 743.88 35.80 
31 768.24 36.41 
32 793.29 37.02 
33 817.86 37.81 
34 843.45 38.94 
35 869.00 39.34 
36 893.27 40.54 
37 919.28 41.53 
38 944.76 42.40 
39 969.25 42.60 
40 994.48 43.38 
41 1019.83 44.48 
42 1045.49 45.25 
43 1070.29 46.01 
44 1095.60 46.99 
45 1121.13 48.13 
46 1146.07 48.74 
47 1170.81 49.84 
48 1196.02 51.02 
49 1221.09 51.57 
50 1246.15 52.83 
51 1271.38 53.44 
52 1296.05 54.25 
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Coverage Area of 25x25 Meters Resolution 

 
 

# Average 
Pairs 

Distance 

Average 
Semivarianc

e 
53 1321.46 55.09 
54 1347.14 55.49 
55 1371.70 56.75 
56 1397.10 58.03 
57 1422.45 58.30 
58 1447.49 59.08 
59 1472.10 60.70 
60 1496.55 62.13 
61 1522.13 62.82 
62 1548.26 64.55 
63 1573.64 64.85 
64 1598.67 65.84 
65 1623.71 66.47 
66 1648.44 67.42 
67 1673.65 69.09 
68 1698.70 68.95 
69 1724.05 70.64 
70 1749.29 71.37 
71 1774.17 72.73 
72 1799.48 73.52 
73 1824.61 73.95 
74 1850.02 75.83 
75 1875.24 75.81 
76 1900.23 77.25 
77 1925.74 78.10 
78 1950.83 78.94 
79 1975.63 80.33 
80 2000.71 81.81 
81 2025.64 83.09 

 
 

 
 

# Average 
Pairs 

Distance 

Average 
Semivariance 

82 2050.91 83.26 
83 2076.15 84.76 
84 2101.44 86.53 
85 2126.49 87.09 
86 2151.48 89.10 
87 2176.45 90.11 
88 2201.71 91.90 
89 2227.41 92.48 
90 2252.54 93.89 
91 2277.51 94.36 
92 2302.20 95.03 
93 2327.09 95.94 
94 2352.61 95.65 
95 2378.01 96.98 
96 2403.25 96.75 
97 2428.53 96.22 
98 2453.53 98.04 
99 2478.60 98.84 
100 2503.65 100.89 
101 2529.08 100.77 
102 2554.63 101.89 
103 2579.19 103.81 
104 2604.07 105.21 
105 2629.22 104.89 
106 2654.47 105.15 
107 2679.62 107.14 
108 2704.64 106.17 
109 2730.06 108.61 
110 2755.35 107.93 
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Coverage Area of 50x50 Meters Resolution 
 

# Average Pairs 
Distance 

Average 
Semivariance 

1 50.00 8.28 
2 87.28 11.60 
3 129.56 14.16 
4 176.21 15.97 
5 227.76 17.55 
6 276.85 18.49 
7 322.54 19.19 
8 370.98 20.35 
9 422.81 21.18 
10 476.19 22.12 
11 527.90 23.55 
12 579.49 24.01 
13 630.80 25.60 
14 681.30 27.12 
15 729.59 28.51 
16 778.16 29.85 
17 828.02 31.58 
18 880.20 33.42 
19 929.29 34.58 
20 977.52 35.84 
21 1027.53 37.32 
22 1079.74 39.15 
23 1132.80 41.00 
24 1182.88 42.78 
25 1232.84 45.02 
26 1283.42 46.79 
27 1331.74 48.60 
28 1380.51 49.95 

 

 
 

# Average Pairs 
Distance 

Average 
Semivariance 

29 1431.21 51.78 
30 1482.92 54.06 
31 1533.23 56.25 
32 1581.35 57.84 
33 1632.50 59.23 
34 1684.26 62.25 
35 1733.87 63.27 
36 1784.44 65.64 
37 1834.45 67.26 
38 1883.78 69.18 
39 1934.00 71.54 
40 1983.71 72.59 
41 2033.82 75.26 
42 2084.02 76.96 
43 2135.80 80.16 
44 2186.61 82.89 
45 2235.59 84.79 
46 2286.13 86.63 
47 2337.80 88.57 
48 2387.32 89.58 
49 2436.21 91.35 
50 2485.81 92.97 
51 2535.57 95.40 
52 2587.04 97.67 
53 2637.52 99.40 
54 2688.49 100.45 
55 2740.47 102.08 
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Coverage Area of 100x100 Meters 
Resolution 

# Average Pairs 
Distance 

Average 
Semivarianc

e 
1 100.00 7.36 
2 171.06 11.14 
3 257.42 13.63 
4 350.53 15.05 
5 455.08 17.19 
6 553.39 19.34 
7 644.85 21.40 
8 741.93 24.16 
9 845.38 27.33 
10 951.91 30.32 
11 1048.80 33.26 
12 1140.14 36.31 
13 1242.69 40.33 
14 1346.69 43.81 
15 1449.83 47.94 
16 1546.12 50.99 
17 1644.02 54.26 
18 1741.91 58.12 
19 1843.61 61.46 
20 1947.80 66.78 
21 2044.08 70.15 
22 2144.37 75.16 
23 2244.11 79.28 
24 2344.28 82.69 
25 2449.15 87.87 
26 2553.08 91.53 
27 2655.61 96.29 

  

 
 

Coverage Area of 200x200 Meters 
Resolution 

# Average Pairs 
Distance 

Average 
Semivarianc

e 
1 200.00 6.61 
2 341.81 10.48 
3 514.54 14.43 
4 701.16 18.24 
5 908.68 23.82 
6 1105.42 29.23 
7 1288.81 35.19 
8 1482.57 42.96 
9 1689.13 49.76 
10 1902.07 57.52 
11 2095.71 64.12 
12 2278.92 70.95 
13 2483.45 79.86 
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Appendix B: Antenna Pattern Data 

Horizontal  
pattern 

Vertical pattern I 
 

Horizontal pattern Vertical pattern II 

Azimuth 
angle 

Gain 
[dB] 

Elevation 
angle 

Gain 
[dB]  

Azimuth 
angle 

Gain 
[dB] 

Elevation 
angle 

Gain 
[dB] 

0 6.38 -90 -13.97 180 6.31 -90 -13.97 
1 6.37 -89 -12.51 181 6.29 -89 -13.85 
2 6.369 -88 -12.62 182 6.281 -88 -13.97 
3 6.359 -87 -12.83 183 6.271 -87 -14.48 
4 6.349 -86 -12.51 184 6.281 -86 -13.85 
5 6.338 -85 -11.92 185 6.282 -85 -14.48 
6 6.338 -84 -12.51 186 6.262 -84 -15.15 
7 6.328 -83 -12.31 187 6.242 -83 -15.15 
8 6.317 -82 -12.51 188 6.233 -82 -16.68 
9 6.307 -81 -12.11 189 6.243 -81 -16.19 
10 6.297 -80 -12.31 190 6.243 -80 -16.35 
11 6.236 -79 -12.51 191 6.164 -79 -16.19 
12 6.186 -78 -12.83 192 6.084 -78 -16.04 
13 6.136 -77 -12.01 193 6.034 -77 -16.35 
14 6.105 -76 -12.31 194 6.005 -76 -16.68 
15 6.065 -75 -12.31 195 6.975 -75 -16.19 
16 6.045 -74 -12.72 196 6.925 -74 -15.73 
17 6.024 -73 -12.62 197 6.866 -73 -15.88 
18 6.974 -72 -12.94 198 6.826 -72 -16.19 
19 6.884 -71 -13.85 199 6.806 -71 -15.44 
20 6.793 -70 -13.5 200 6.777 -70 -15.73 
21 6.733 -69 -13.97 201 6.637 -69 -14.88 
22 6.663 -68 -13.97 202 6.487 -68 -15.44 
23 6.582 -67 -14.1 203 6.378 -67 -14.88 
24 6.492 -66 -13.73 204 6.308 -66 -15.15 
25 6.402 -65 -13.97 205 6.238 -65 -15.01 
26 6.331 -64 -14.48 206 6.149 -64 -16.04 
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27 6.261 -63 -14.88 207 6.059 -63 -16.04 
28 6.161 -62 -14.48 208 6.959 -62 -15.58 
29 6.02 -61 -14.74 209 6.87 -61 -16.35 
30 6.89 -60 -14.22 210 6.78 -60 -16.85 
31 6.77 -59 -14.74 211 6.68 -59 -17.38 
32 6.649 -58 -14.74 212 6.581 -58 -17.74 
33 6.529 -57 -14.88 213 6.491 -57 -18.74 
34 6.399 -56 -14.61 214 6.401 -56 -17.94 
35 6.268 -55 -14.22 215 6.312 -55 -19.64 
36 6.168 -54 -14.74 216 6.192 -54 -22.06 
37 6.078 -53 -14.22 217 6.072 -53 -22.06 
38 6.957 -52 -14.74 218 6.933 -52 -23.4 
39 6.827 -51 -15.29 219 6.803 -51 -23.77 
40 6.687 -50 -15.44 220 6.653 -50 -24.56 
41 6.586 -49 -15.88 221 6.534 -49 -23.04 
42 6.486 -48 -16.85 222 6.404 -48 -21.17 
43 6.396 -47 -16.51 223 6.304 -47 -20.37 
44 6.325 -46 -18.54 224 6.235 -46 -17.38 
45 6.245 -45 -18.74 225 6.175 -45 -15.29 
46 6.155 -44 -19.87 226 6.075 -44 -14.35 
47 6.074 -43 -20.9 227 6.976 -43 -13.27 
48 6.984 -42 -19.64 228 6.876 -42 -12.11 
49 6.914 -41 -18.33 229 6.786 -41 -11.18 
50 6.833 -40 -17.56 230 6.697 -40 -10.33 
51 6.803 -39 -16.35 231 6.677 -39 -9.94 
52 6.773 -38 -16.04 232 6.647 -38 -9.06 
53 6.722 -37 -15.73 233 6.638 -37 -8.65 
54 6.662 -36 -15.58 234 6.638 -36 -8.65 
55 6.602 -35 -15.88 235 6.638 -35 -8.59 
56 6.651 -34 -15.73 236 6.639 -34 -8.92 
57 6.701 -33 -16.04 237 6.639 -33 -9.71 
58 6.761 -32 -16.68 238 6.649 -32 -10.58 
59 6.82 -31 -15.15 239 6.69 -31 -11.72 
60 6.88 -30 -13.85 240 6.72 -30 -14.1 
61 6.93 -29 -12.21 241 6.78 -29 -16.85 
62 6.969 -28 -9.94 242 6.851 -28 -19.4 
63 6.029 -27 -8.52 243 6.961 -27 -23.77 
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64 6.109 -26 -6.92 244 6.111 -26 -19.87 
65 6.188 -25 -6.34 245 6.252 -25 -16.85 
66 6.298 -24 -5.99 246 6.262 -24 -14.74 
67 6.398 -23 -6.04 247 6.272 -23 -13.85 
68 6.517 -22 -6.09 248 6.373 -22 -12.94 
69 6.627 -21 -6.76 249 6.543 -21 -12.62 
70 6.737 -20 -7.83 250 6.713 -20 -13.27 
71 6.856 -19 -10.17 251 6.814 -19 -14.74 
72 6.976 -18 -12.62 252 6.924 -18 -16.19 
73 6.076 -17 -17.02 253 6.014 -17 -19.4 
74 6.175 -16 -22.06 254 6.115 -16 -26.39 
75 6.275 -15 -17.94 255 6.205 -15 -37.02 
76 6.375 -14 -14.74 256 6.315 -14 -23.04 
77 6.474 -13 -13.97 257 6.426 -13 -22.37 
78 6.594 -12 -14.61 258 6.516 -12 -20.12 
79 6.734 -11 -19.64 259 6.596 -11 -20.12 
80 6.883 -10 -34.1 260 6.667 -10 -18.13 
81 6.933 -9 -14.88 261 6.777 -9 -12.01 
82 6.983 -8 -8.08 262 6.887 -8 -7.65 
83 6.052 -7 -3.47 263 6.998 -7 -3.92 
84 6.122 -6 -0.09 264 6.108 -6 -0.79 
85 6.192 -5 2.26 265 6.208 -5 1.73 
86 6.221 -4 4.27 266 6.209 -4 3.71 
87 6.251 -3 4.64 267 6.209 -3 5.3 
88 6.281 -2 5.8 268 6.249 -2 5.63 
89 6.32 -1 5.92 269 6.32 -1 5.99 
90 6.35 0 6.38 270 6.4 0 6.31 
91 6.39 1 6.79 271 6.35 1 6.28 
92 6.419 2 6.93 272 6.311 2 6 
93 6.449 3 6.82 273 6.301 3 5.99 
94 6.449 4 6.46 274 6.311 4 5.65 
95 6.448 5 5.82 275 6.332 5 5.17 
96 6.428 6 5.91 276 6.322 6 5.33 
97 6.408 7 5.8 277 6.302 7 5.25 
98 6.367 8 4.24 278 6.283 8 4.83 
99 6.317 9 2.22 279 6.253 9 3.12 
100 6.267 10 -0.34 280 6.223 10 0.71 
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101 6.206 11 -3.51 281 6.184 11 -2.15 
102 6.156 12 -7.71 282 6.134 12 -6.04 
103 6.096 13 -15.29 283 6.074 13 -11.63 
104 6.045 14 -32.94 284 6.985 14 -24.56 
105 6.995 15 -16.85 285 6.895 15 -23.04 
106 6.905 16 -14.74 286 6.835 16 -15.29 
107 6.824 17 -13.5 287 6.776 17 -13.38 
108 6.734 18 -14.98 288 6.696 18 -13.62 
109 6.654 19 -17.74 289 6.586 19 -14.35 
110 6.573 20 -24.56 290 6.487 20 -20.63 
111 6.503 21 -24.56 291 6.377 21 -28.72 
112 6.443 22 -16.35 292 6.277 22 -18.33 
113 6.332 23 -12.01 293 6.178 23 -12.11 
114 6.182 24 -9.27 294 6.088 24 -8.86 
115 6.022 25 -7.71 295 6.998 25 -6.81 
116 6.921 26 -6.65 296 6.859 26 -5.52 
117 6.811 27 -6.24 297 6.729 27 -4.56 
118 6.701 28 -6.24 298 6.599 28 -4.03 
119 6.57 29 -6.86 299 6.48 29 -3.8 
120 6.45 30 -7.54 300 6.36 30 -3.96 
121 6.38 31 -8.92 301 6.24 31 -4.51 
122 6.299 32 -10.58 302 6.111 32 -5.29 
123 6.219 33 -12.51 303 6.021 33 -6.44 
124 6.129 34 -15.01 304 6.961 34 -8.08 
125 6.038 35 -17.56 305 6.912 35 -10.66 
126 6.958 36 -17.02 306 6.822 36 -13.5 
127 6.888 37 -18.54 307 6.742 37 -18.54 
128 6.827 38 -18.54 308 6.703 38 -25.89 
129 6.787 39 -17.74 309 6.703 39 -31 
130 6.757 40 -19.18 310 6.703 40 -23.04 
131 6.716 41 -21.17 311 6.734 41 -20.12 
132 6.686 42 -23.04 312 6.764 42 -18.13 
133 6.686 43 -28.08 313 6.744 43 -17.02 
134 6.715 44 -25.42 314 6.685 44 -16.04 
135 6.755 45 -21.17 315 6.63 45 -15.44 
136 6.785 46 -18.54 316 6.715 46 -14.1 
137 6.824 47 -16.51 317 6.806 47 -13.27 
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138 6.894 48 -14.48 318 6.886 48 -13.5 
139 6.984 49 -13.05 319 6.956 49 -11.92 
140 6.083 50 -12.31 320 6.027 50 -11.82 
141 6.203 51 -11.72 321 6.127 51 -11.72 
142 6.323 52 -11.09 322 6.217 52 -11.26 
143 6.422 53 -11.18 323 6.328 53 -11.09 
144 6.492 54 -11.45 324 6.428 54 -11.45 
145 6.562 55 -11.35 325 6.538 55 -11.63 
146 6.701 56 -11.72 326 6.639 56 -12.41 
147 6.831 57 -11.92 327 6.749 57 -12.32 
148 6.951 58 -12.83 328 6.869 58 -13.38 
149 6.06 59 -13.38 329 6.99 59 -13.27 
150 6.16 60 -14.1 330 6.12 60 -13.62 
151 6.31 61 -15.01 331 6.23 61 -13.85 
152 6.449 62 -15.73 332 6.341 62 -13.85 
153 6.559 63 -16.85 333 6.461 63 -13.5 
154 6.649 64 -18.33 334 6.591 64 -13.62 
155 6.738 65 -19.4 335 6.712 65 -13.38 
156 6.838 66 -20.63 336 6.832 66 -13.73 
157 6.938 67 -22.06 337 6.952 67 -13.62 
158 6.037 68 -23.77 338 6.073 68 -13.73 
159 6.137 69 -25.89 339 6.183 69 -13.27 
160 6.237 70 -28.08 340 6.293 70 -13.38 
161 6.316 71 -30.17 341 6.374 71 -13.97 
162 6.406 72 -28.72 342 6.454 72 -14.48 
163 6.486 73 -28.72 343 6.544 73 -14.88 
164 6.565 74 -29.42 344 6.645 74 -14.74 
165 6.635 75 -27.48 345 6.735 75 -15.88 
166 6.705 76 -24.98 346 6.785 76 -16.19 
167 6.774 77 -24.56 347 6.836 77 -15.88 
168 6.844 78 -22.7 348 6.896 78 -16.68 
169 6.904 79 -22.37 349 6.946 79 -17.02 
170 6.963 80 -23.04 350 6.007 80 -17.38 
171 6.043 81 -22.7 351 6.047 81 -16.68 
172 6.123 82 -21.75 352 6.097 82 -17.94 
173 6.172 83 -21.46 353 6.158 83 -19.18 
174 6.192 84 -20.9 354 6.238 84 -18.33 
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175 6.212 85 -20.63 355 6.308 85 -19.18 
176 6.251 86 -19.64 356 6.309 86 -19.87 
177 6.281 87 -21.17 357 6.299 87 -18.54 
178 6.301 88 -19.64 358 6.319 88 -19.4 
179 6.3 89 -20.37 359 6.35 89 -19.4 
180 6.31 90 -20.37 360 6.38 90 -20.37 
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Appendix C: Matlab Code of Creating 
Grid of Coverage Area 

clc, clear all, close all 
% load('All Study Area') 
% x = All_Study_Area; 
  
load('Original Data set') 
x = Long_Lat_Data; 
  
%%%******** Step 1  ******** 
%%%******** Inseret required parameters ******** 
step1 = 0.000090; % Reference distance in reality on latitude which 
is equivalent to (10 meters). 
step2 = 0.000102; % Reference distance in reality on longitude 
which is equivalent to (10 meters). 
  
distance = 2.5;  % choose size of Bins 
[(20=200mX200m)&(10=100mX100m)&(5=50mX50m)&(2.5=25m X 25m)]. 
Distance_of_Bin = 10 * distance; % Size of Bin. 
  
%%%%%%************** 4000 meters ******************** 
Maxlat = 28.078976;        % Read Maximum Latitude. 
Minlat = 28.042976;        % Read Minimum Latitude. 
Maxlong = -80.630177;      % Maximum Longitude. 
Minlong = -80.670977;      % Read Minimum Longitude. 
%%%%%%*********************************************** 
Real_Distance1 = step1 * distance;         % Real Distance or bins 
size (latitude). 
Real_Distance2 = step2 * distance;       % Real Distance or bins 
size(longitude). 
  
NumBins1 = int32((Maxlat - Minlat) / Real_Distance1);  % Number of 
Latitude Bins. 
NumBins = int32((Maxlong - Minlong) / Real_Distance2); % Number of 
Longitude Bins. 
NumBins2 = abs(NumBins); 
% NumBins2 
%%%******** Create squares Matrix based on size of Bin matrix. 
grid = zeros(NumBins1,NumBins2); % Create squares Matrix based on 
size of Bin matrix. 
s1=size(x,1);  % number of rows of Read Ready file 
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%%%******** Step 2  ******** 
%%%******** Calculating all RSL in the same Bin or square based on 
disttance of Bin. 
y1 = Minlong; 
for K = 1 : NumBins2 % For loop starts from 1 to number of Bins 
which must be square. 
    x1 = Minlat; 
    y2 = y1+Real_Distance2; % start Bins from 0 + Real_Distance 
which on latitude until you reach last Bin or square. 
    for L = 1 : NumBins1 
        x2 = x1+Real_Distance1; % start Bins from 0 + Real_Distance 
which on longitude until you reach last Bin or square. 
        sum12 = 0; 
        cout12 = 0; 
        for i = 1 : s1 
            x3=x(i,1);  % Read latitude values. 
            x4=x(i,2);  % Read longitude values. 
            x5=x(i,3);  % Read RSL values. 
            %             x6=x(i,4);  % Read Altitude values. 
            if ((x3>x1 && x3<=x2) && (x4>y1 &&  x4<=y2)) 
                x10=x3; 
                x11=x4; 
                sum12 = sum12+x5;   % sum all RSL values in the 
same Bin or square. 
                cout12 = cout12+1;  % Calculate how many points 
have been summed in the same Bin or square. 
            end 
        end 
        if(cout12>0) 
            grid(L,K) = (sum12/cout12);  % Calculate average of RSL 
values in the same Bin or square & make it one value. 
        else 
            grid(L,K) =0; 
        end 
        x1=x2; 
    end 
    y1 = y2; 
end 
Bin_Matrix = grid; % make Bin matrix as same as real data order. 
Coordinate_size = [NumBins1 NumBins2]; % Number of Rows and Columns 
of original matrix. 
  
%%%*********************** Melbourne PCS 25 
************************* 
Grid_Matrix_25 = Bin_Matrix; 
Size_of_bin = Distance_of_Bin; 
Coordinate_size = [NumBins1 NumBins2]; % Number of Rows and Columns 
of original matrix. 
save('Grid Matrix 25','Grid_Matrix_25') 
save('Size of bin','Size_of_bin') 
save('Coordinate size','Coordinate_size') 
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