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This thesis proposes a design of a rapidly deployable GSM base station that provides 

voice and data communication and it is interoperable with the existing network infrastructure. 

The prototype is based on software defined radios and makes use of IEEE 802.11 unlicensed 

wireless Radio Frequency band for backhaul link and an open source GSM implementation 

software. The prototype is evaluated in line-of-sight and non-line-of-sight environments to 

measure the quality of the received signal strength and coverage area. The setup is then 

optimized to increase the quality of service.  It is observed that in environments with limited 

obstacles the base station covers a larger area with good quality of service. On the other hand, 

when the environments are filled with obstacles the coverage area decreases along with the 

quality of service due to interference and fading. It is concluded that in order to achieve strong 

received signals and larger coverage area the transmit power needs to be increased. 

 



ii 

Copyright 2017 

By 

Steffy Ann Mathews



iii 

ACKNOWLEDGEMENTS 

Foremost, I would like to express my sincere gratitude to my advisor Dr. Kamesh 

Namuduri for the continuous support of my Master’s study and research, for his patience, 

motivation, enthusiasm, and immense knowledge. His guidance and unwavering enthusiasm for 

emergency communications helped me in all the time of my research.  

I am extremely thankful to my colleagues and friends Ramanpreet Singh and Oghenetega 

Agbogidi for their valuable guidance and support for completion of this project. 

My appreciation also extends to Kunal Bhadane, Samuel Iyiola, Nabila Salma and Roya 

Nourouzi for their encouragement, support and advice. 

I also acknowledge Peggy Foster and Richard for their help and cooperation in completing 

my thesis. 

Last but not the least, my gratitude goes to my family for their undying love and support 

- my parents, Mr and Mrs. Mathew Varghese. This would not have been possible without their 

guidance and strength. 

 

  



iv 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS ................................................................................................................... iii 
 
LIST OF TABLES .............................................................................................................................. viii 
 
LIST OF FIGURES .............................................................................................................................. ix 
 
CHAPTER 1. INTRODUCTION ........................................................................................................... 1 

1.1. Background ............................................................................................................. 1 

1.2. Motivation ............................................................................................................... 2 

1.3. Objective ................................................................................................................. 3 

1.4. Overview ................................................................................................................. 3 
 
CHAPTER 2. LITERATURE REVIEW ................................................................................................... 4 

2.1. Propagation Models ................................................................................................ 4 

2.1.1. Propagation Method for RF Signals in an Urban Environment .................. 4 

2.1.2. Propagation Modeling for Air-to Ground Radio Channels in Urban 
Environment................................................................................................ 5 

2.1.3. Adaptation of Signal Propagation Model By means of an Airborne GSM 
Base Station ................................................................................................ 5 

2.1.4. Evaluation of Models .................................................................................. 6 

2.2. Path Loss ................................................................................................................. 6 

2.2.1. Path Loss Exponent ..................................................................................... 7 

2.2.2. Free-Space Path Loss .................................................................................. 8 

2.2.3. Modelling of Mean Path Loss ..................................................................... 9 

2.2.4. OLoS and NLoS Path Loss Modelling ........................................................... 9 

2.3. Optimum Altitude of a LAP ................................................................................... 10 

2.4. Impact of Altitude and Other Related Factors on Coverage Probability .............. 11 

2.5. Optimal UAV Altitude ........................................................................................... 12 

2.6. Optimal Position ................................................................................................... 12 

2.7. Coverage of the LAP .............................................................................................. 13 

2.8. Coverage Probability ............................................................................................. 13 



v 

2.9. D2D and DU Coverage Probability as a Function of the UAV Altitude ................. 14 

2.10. Propagation Path Visibility .................................................................................... 14 

2.10.1. Estimation of Visibility .............................................................................. 14 

2.10.2. Verification of Visibility Estimation Method ............................................. 15 

2.11. Probability of Collision .......................................................................................... 15 

2.12. Performance and Trade-offs of UAVs ................................................................... 15 

2.13. Building Blockage .................................................................................................. 16 

2.14. Distortion in Propagation Channel ....................................................................... 16 

2.15. Multi Path Reflections ........................................................................................... 17 

2.16. Interference .......................................................................................................... 17 
 
CHAPTER 3. EMERGENCY COMMUNICATION SYSTEMS ............................................................... 19 

3.1. Emergency Communication Systems .................................................................... 19 

3.2. Challenges of Emergency Communication Systems ............................................. 20 

3.3. GSM ....................................................................................................................... 22 

3.4. Base Station .......................................................................................................... 23 

3.5. Components of an Aerial Base Station ................................................................. 25 

3.5.1. Software Defined Radio ............................................................................ 25 

3.5.2. BladeRF ..................................................................................................... 26 

3.5.3. Raspberry pi .............................................................................................. 27 

3.5.4. Yate BTS .................................................................................................... 29 

3.5.5. Antenna ..................................................................................................... 30 

3.6. Channel Model ...................................................................................................... 32 

3.6.1. COST 231 Model- Extension to Hata Model ............................................. 33 

3.6.2. COST 231 Walfisch-Ikegami Model ........................................................... 34 

3.7. Signal Booster ....................................................................................................... 37 
 
CHAPTER 4. DESIGN AND EVALUATION ........................................................................................ 38 

4.1. Base Stations for Emergency and Temporary Events ........................................... 38 

4.2. Research Methodology ......................................................................................... 40 

4.3. Setup of an SDR Based Deployable GSM Base Station ......................................... 41 

4.4. Experiment ............................................................................................................ 43 



vi 

4.4.1. Measurement............................................................................................ 43 

4.4.2. Mathematical Formulation for Coverage Area ......................................... 43 

4.5. Optimization ......................................................................................................... 45 

4.6. Adapted Walfisch-Ikegami Model- Formulation of Path Loss .............................. 45 

4.7. Testing Environment- Line-of-Sight ...................................................................... 48 

4.7.1. Height (Hm) - 4m....................................................................................... 48 

4.7.2. Parameters for Evaluation ........................................................................ 48 

4.7.3. Experimental Set up .................................................................................. 49 

4.7.4. Measurement Procedure .......................................................................... 49 

4.7.5. Mathematical Formulation for Coverage Area ......................................... 52 

4.7.6. Height (Hm) - 12m .................................................................................... 53 

4.7.7. Measurement Procedure .......................................................................... 53 

4.7.8. Mathematical Formulation for Coverage Area for Omni-Directional 
Antennas ................................................................................................... 55 

4.7.9. Height (Hm) – 16m .................................................................................... 56 

4.7.10. Measurement Procedure .......................................................................... 56 

4.7.11. Mathematical Formulation for Coverage Area for Omni Directional 
Antennas ................................................................................................... 58 

4.8. Non-Line-of Sight .................................................................................................. 59 

4.8.1. Height (Hm) - 27 meters ........................................................................... 59 

4.8.2. Measurement Procedure .......................................................................... 59 

4.8.3. Height (Hm) – 10 meters ........................................................................... 61 

4.8.4. Measurement Procedure .......................................................................... 62 

4.8.5. Mathematical Formulation for Coverage area ......................................... 63 

4.9. Evaluation-LOS ...................................................................................................... 64 

4.9.1. Height (Hm) - 4m....................................................................................... 65 

4.9.2. Height (Hm) – 12m .................................................................................... 65 

4.9.3. Height (Hm)-16m ...................................................................................... 66 

4.10. Result- LOS ............................................................................................................ 66 

4.10.1. Impact of Antenna Height on RSSI ............................................................ 66 

4.10.2. Impact of Antenna Height on Coverage ................................................... 67 

4.11. Evaluation-NLOS ................................................................................................... 67 



vii 

4.11.1. Height (Hm) - 27m .................................................................................... 67 

4.11.2. Height (Hm) - 10m .................................................................................... 68 

4.12. Result-NLOS .......................................................................................................... 69 
 
CHAPTER 5. CONCLUSION ............................................................................................................. 70 
 
REFERENCES .................................................................................................................................. 72 
 

 

  



viii 

LIST OF TABLES 

Page 

Table 4.1 Distance between base station and mobile phones vs RSSI ......................................... 43 

Table 4.2 Parameters for evaluation ............................................................................................ 48 

Table 4.3 Distance between base station and mobile phones vs RSSI ......................................... 50 

Table 4.4 Distance between base station and mobile phones vs RSSI ......................................... 53 

Table 4.5 Distance between base station and mobile phones vs RSSI ......................................... 56 

Table 4.6 Distance between base station and mobile phones vs RSSI ......................................... 59 

Table 4.8 Distance between base station and mobile phones vs RSSI ......................................... 62 

  



ix 

LIST OF FIGURES 

Page 

Figure 3.1 BladeRF ........................................................................................................................ 27 

Figure 3.2 Raspberry Pi ................................................................................................................. 29 

Figure 3.3 Radiation Pattern of Omni directional Antenna .......................................................... 31 

Figure 3.4 Walfisch-Ikegami model .............................................................................................. 34 

Figure 4.1 Aerial Base Station Cellular Network ........................................................................... 39 

Figure 4.2 Aerial Base Station ....................................................................................................... 39 

Figure 4.3 Step wise Research methodology ................................................................................ 40 

Figure 4.4 Deployable GSM base station ...................................................................................... 41 

Figure 4.5 Plot showing received signal strength against base station distance ......................... 44 

Figure 4.6 Weather condition ....................................................................................................... 48 

Figure 4.7 Experimental Set up ..................................................................................................... 49 

Figure 4.8 Spectrum of Received Signal Strength ......................................................................... 52 

Figure 4.9 Coverage Area .............................................................................................................. 53 

Figure 4.10  Spectrum of Received Signal Strength ...................................................................... 55 

Figure 4.11 Coverage Area ............................................................................................................ 56 

Figure 4.12  Spectrum of Received Signal Strength ...................................................................... 58 

Figure 4.13 Covergae Area ............................................................................................................ 58 

Figure 4.14 Weather Condition .................................................................................................... 59 

Figure 4.15  Spectrum of Received Signal Strength ...................................................................... 60 

Figure 4.16 Coverage Area ............................................................................................................ 61 



x 

Figure 4.18 Weather Condition .................................................................................................... 62 

Figure 4.19 Spectrum of Received Signal Strength ....................................................................... 63 

Figure 4.20 Coverage Area ............................................................................................................ 64 

Figure 4.21 RSSI IN dBm vs. distance ............................................................................................ 65 

Figure 4.22 RSSI in dBm vs. distance............................................................................................. 65 

Figure 4.23 RSSI in dBm vs. distance............................................................................................. 66 

Figure 4.24 RSSI in dBm vs. distance............................................................................................. 68 

Figure 4.25 RSSI in dBm vs. distance............................................................................................. 68 

 



1 

CHAPTER 1 

INTRODUCTION 

1.1. Background  

A disaster is a sudden event, such as an accident or natural catastrophe that causes 

immense damage or loss of life. Most times people are unprepared to face natural disasters 

resulting in chaos, increased number of deaths, etc. Anyone who has been through such disasters 

can definitely explain the panic, confusion and fear they experienced when disaster struck their 

lives. They will also bemoan how difficult it was to establish communication right after. This is 

because landline communications get disrupted due to damaged cell towers or power loss. 

Even though we live in an era of technological advancement, it is in such cases that the 

need of an alternative communication system becomes a necessity.  Emergency responders need 

an efficiently working communication network to get in touch with the emergency services like 

hospitals, police, fire and rescue as well as people who are stranded. Such a network is also the 

need of the hour for survivors to contact their near and dear ones. Even though the world of 

communication has developed very well, emergency communication systems have not been 

developed well. But the fact that all these communication technologies run on power and 

requires signal towers to operate, also the various instances when infrastructure failed paints a 

clear picture of why we need an efficient as well as an economical emergency communication 

system during disaster relief operations.  

A few points that highlight the importance of emergency communication systems include: 

1. When disaster strikes cell towers tend to get damaged resulting in inoperative fixed 
and mobile phones. 

2. During power failures caused by disasters, communications come to a halt. 
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3. A simple radio device might be the only available way to communicate in the event of 
a disaster. 

4. Most times people affected by calamities end up wasting their battery power 
searching for coverage to make urgent calls. Signal seeking is a highly power 
consuming activity for mobile phones.  

5. Networks get crowded resulting in jammed networks. 

6. There are numerous situations where traditional and modern communications have 
failed leaving affected people at the mercy of chance. 

These are just a few reasons that bring out the importance of why an alternative 

communication system is necessary, so that people can pass through natural disasters safely. 

 

1.2. Motivation 

One of the major barriers of communication during an emergency is the destruction of 

network elements. In case the communication devices survive the calamity, odds of the network 

getting congested are certainly high because almost everyone will be trying to use the same 

network resources. An important factor when dealing with emergency situations is the calls for 

an immediate response and an efficient Emergency Communication Systems (ECS). Currently 

there is a capability gap between existing ECS solutions and what we dream of achieving. Most 

current solutions do not meet cost or mobility constraints. An inexpensive, portable and mobile 

system will fulfill this capability gap.  

Aerial base stations are gaining popularity as a key source of communication for rapid 

deployment in areas of search and rescue and relief works. They are capable of delivering 

wireless coverage during or after a disaster strikes. These base stations can be set up even in 

remote areas cut off from the outside world.  
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1.3. Objective 

The main purpose of this research is to optimize the altitude and received signal strength 

of an aerial base station to provide maximum radio coverage on the ground as well as propose 

the best fit radio propagation channel model to carry out the experiment for the current scenario. 

 

1.4. Overview 

Chapter 1 provides a basic idea of this thesis and the motivation. Chapter 2 presents the 

literature survey. Background information on emergency communication systems and the 

components of an aerial base station is described in chapter 3. 

Chapter 4 presents the design implementation and evaluation of the SDR based GSM base 

station. The experiments are also discussed in detail. Chapter 5 concludes the thesis. In this 

chapter the results are analyzed, drawbacks are discussed and finally the future work is 

mentioned. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Propagation Models 

Various propagation models are examined in [1]. Free space model is employed for 

predicting path loss; however, it only considers a line of sight(LOS) path through open space 

without any diffraction or reflection impacts. The Stanford University Interim (SUI) propagation 

model is offered by IEEE 802.16 Broadband Wireless Access working group but it has its limits, 

specifically transmission distance and nominal antenna heights. The Hata model is also used for 

forecasting path loss in mobile wireless system but it is not designed for frequencies outside 1500 

MHz. A model proposed by International Telecommunication Union (ITU) can be employed in 

circumstance of coexistence in both outdoor and indoor surroundings. 

 

2.1.1. Propagation Method for RF Signals in an Urban Environment 

A statistical radio frequency (RF) propagation model for assessing the covering of an Air 

to Ground (ATG) wireless service offered by Low Altitude Platforms (LAP) (virtual stationary 

airborne platform (Balloons, Unmanned Aerial Vehicle(UAVs) or Quadcopters) with an elevation 

under the stratosphere (10,000 meters) is proposed in [1].   

RF signal propagation differs from one environment to another. For example, in an urban 

environment, synthetic constructions interfere with the path of radio waves in several ways, for 

instance, blockage of signal, reflection, transmission and diffraction. A ray tracing simulation is 

conducted for three kinds of rays (Direct, Reflected and Diffracted) in [1]. The simulation results 

are grouped into three propagation groups - G1(Receivers favoring Line-of-Sight condition), 
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G2(No LAP Line-of-Sight yet receiving coverage through strong reflection and refraction) and 

G3(Receivers suffering deep fading from reflections and diffractions). In order to study the 

statistical behavior of each propagation group, the mean value and standard deviation versus the 

available range of elevation angles is plotted. Results indicate that each group tend to have a 

continuous mean value for urban environment; nevertheless, distribution of path loss around the 

average take more scattered values for lesser angle of elevation. It is also found that the standard 

deviation is angle dependent. 

 

2.1.2. Propagation Modeling for Air-to Ground Radio Channels in Urban Environment 

 A propagation model for the connection amid an air-borne transmitter (Tx) and a 

portable receiver (Rx), with the station positioned inside a compact municipal setting is 

developed in [2]. Two main types of clutter: foliage and buildings is considered. As per obstacle, 

all radio channels are classified into Line-of-Sight, obstructed LoS (OLoS) and Non-LoS(NLoS). The 

probabilities of the three types of channels for all configuration of point to point propagations 

are shown in [2].The probability of LoS reduces with declining operating frequency and elevation 

angle  

 

2.1.3. Adaptation of Signal Propagation Model By means of an Airborne GSM Base Station 

A disaster situation where a Micro Aerial Vehicle (MAV) is flying around the metropolitan 

and attempts to limit wireless devices like mobiles is considered in [3]. A simple and fast method 

to map the strength of received signals known as a Received Signal Strength Indicator (RSSI) is 

used.  
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2.1.4. Evaluation of Models 

Average values of signal strength by means of both outdoor and indoor measurements 

are plotted in [3]. As per predictions, the calculated data followed logarithmic distribution. Five 

curves are plotted for the log-distance model, ITU indoor and outdoor models, Hata model, COST-

231 and the adapted log-distance model. These models are represented as per Root Mean Square 

Error (RMSE).  

It is concluded that the adapted log-distance model has the lowermost RMSE and 

represents the optimum fit to calculated values. The adapted log-distance model showed 

intercept equivalent to 44.14 dBm and 𝛾𝛾= 3:1. ITU indoor model had the second-best fit to the 

calculated values. The third-best fit is shown by the log-distance model. A statistical GSM model 

which can be suitable for a situation where a Tx is situated outside the structure and mobiles are 

located indoors is also established. 

 

2.2. Path Loss  

  Path loss (PL) is the decrease in electromagnetic wave’s power density as it transmits via 

space. PL is a main element in the design and analysis of the linking budget of wireless 

communication systems [4]. 

This term is usually employed in telecommunications and propagation of signal and may 

be because of various factors, like absorption, aperture-medium coupling loss, reflection, free-

space loss, diffraction and refraction.  

Causes - PL usually comprises losses in propagation produced by [4]: 

• The natural extension of the front of signal in free space (which typically assumes 
the form of an increasing sphere); 
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• Diffraction losses when part of the front of radio wave is stopped by a dense 
obstacle; 

• When the radio wave passes through channel not clear to electromagnetic waves; 

• Absorption losses (occasionally named penetration losses); 

• Losses produced by other occurrences. 

 

2.2.1. Path Loss Exponent 

In telecommunications systems, PL can be signified by the path loss exponent, whose 

value normally ranges from 2 (for free space propagation) to 4 (for comparatively loss 

environment) [5].  

PL is typically mentioned in dB. It can be computed by means of the formula: 

𝐿𝐿 = 10𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛10(𝑑𝑑) + 𝐶𝐶       

Where C is a constant which represents losses in system, d is the distance between the 

receiver and the transmitter typically assessed in meters, n is the path loss exponent and L is the 

path loss in dB. 

Prediction- Path loss calculation is typically named prediction. Accurate prediction is 

merely for simpler circumstances, like the aforementioned flat-earth model or free-space 

propagation. For real-world circumstances PL is computed by means of different approximation 

methods. 

Statistical methods are centered on averaged and measured losses beside characteristic 

radio links classes. Amongst the most generally employed such techniques are W.C.Y.Lee, the 

COST Hata model and Okumura-Hata model. Deterministic methods are centered on the physical 

rules of wave propagation; ray tracing is one such technique [4]. 
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2.2.2. Free-Space Path Loss 

In telecommunications, free-space path loss (FSPL) is the signal strength loss of an 

electromagnetic wave that would be caused by a line-of-sight path through free-space (typically 

air), with no adjoining hurdles to create diffraction or reflection. It is described in Standard 

Definitions of Terms for Antennas, IEEE Standard 146-1984, as the loss between two isotropic 

radiators in free space, expressed as a power ratio. Typically, it is mentioned in dB, even though 

the IEEE STD does not mention that [6]. 

Formula for FSPL- FSPL is comparative to the double of the distance between the receiver 

and transmitter, and likewise comparative to the square of the radio signal frequency. 

FSPL can be calculated by using the following equation: 

FSPL = �4𝜋𝜋𝜋𝜋
𝜆𝜆
�
2
       

                                =�4𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐
�
2
        

The equation is only correct in the distant fields where sphere-shaped dispersion can be 

presumed; it does not hold near to the Tx. 

Physical Description- The FSPL expression mentioned equation essentially summarizes 

two impacts [7]: 

Dependency on distance - FSPL dependency on distance is produced by the passage of 

electromagnetic wave in air and is defined by the inverse square law: 

𝑆𝑆 = 𝑃𝑃𝑡𝑡
1

4𝜋𝜋𝑑𝑑2
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Dependency on frequency - The dependency of FPSL on frequency can be elucidated like 

this: with the frequency increase, the necessity to retain the receiving antenna gain will result in 

decreased aperture of antenna, which will bring about smaller energy being arrested with the 

smaller antenna, which is analogous to PL increasing in the case when gain of receiving antenna 

would not have been constant. 

Information regarding path loss can be employed to generate various kinds of parameters 

like the expected throughput and the SINR (Signal to Interference and Noise Ratio) [1]. 𝜂𝜂𝑛𝑛 shows 

excessive path loss component which can be obtained by processing path loss of all receivers.  

𝜂𝜂𝑛𝑛  =  𝑃𝑃𝐿𝐿𝑛𝑛 − 𝐹𝐹𝑆𝑆𝑃𝑃𝐿𝐿𝑛𝑛 

Where 𝐹𝐹𝑆𝑆𝑃𝑃𝐿𝐿𝑛𝑛 is the free space path loss for a specific receiver, attained from Friis 

transmission equation. The excessive path loss 𝜂𝜂𝑛𝑛 impacting the Air to Ground link hinges mainly 

on the propagation groups instead of the angle of elevation. 

 

2.2.3. Modelling of Mean Path Loss  

The mean path loss can be estimated by means of a basic log-distance model: 

𝐿𝐿(𝑑𝑑)[𝑑𝑑𝑑𝑑] = 10 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 �
𝑑𝑑
𝑑𝑑0
� + 𝐿𝐿(𝑑𝑑0) 𝑓𝑓𝑛𝑛𝑓𝑓 𝑑𝑑𝑛𝑛 < 𝑑𝑑 

Where 𝑑𝑑0 is the close in-reference distance, 𝑑𝑑 is Tx/Rx distance and 𝑛𝑛 is the exponent for path 

loss.  

 

2.2.4. OLoS and NLoS Path Loss Modelling 

Taking the received power in context of angle of elevation at 200 MHz for an air-borne 

transmitter at an elevation of 1000 meters is shown in [3] . The findings presented is that path 
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loss in case of OLoS is much smaller than the path loss for NLoS, and the received power for all 

three channels appears to be decreasing fast with declining angle of elevation. 

Similarly, the path loss for OLoS is modelled after the compensation of the gains for 

antenna. Further emphasize is given on the OLoS. In the context of NLoS, additional path 

loss𝐿𝐿3(𝜃𝜃) is up surged at upper frequencies. 𝐿𝐿3(𝜃𝜃) additionally, is up surged with lessening angle 

of elevation, originally increasing rapidly, and then reduced with additional reductions in angle 

of elevation. 

 

2.3. Optimum Altitude of a LAP 

A mathematical model for forecasting the optimal elevation of a Low Altitude Platform 

centered on the statistical variables of the specific urban environment is presented in [8]. Four 

types of urban environments: Suburban, Urban, Dense Urban, and High-rise Urban is considered. 

To analyze the impact of the altitude of LAP on the offered service, the threshold in 

context of PLmax, the highest path loss is defined. The link is considered as unsuccessful, when 𝜂𝜂𝑛𝑛, 

the total path loss, between a receiver and LAP surpasses this threshold. For receivers on ground, 

this threshold transforms into a coverage zone with R radius, as all receivers within this coverage 

zone have a path loss that is below or equivalent to PLmax. The radius of the coverage area can be 

represented as: 

Radius 𝑅𝑅 = 𝑓𝑓|Λ=𝑃𝑃𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 

Consequently, the optimization problem is to discover the optimal height that will 

maximize radius R. After putting the equation for the probability of occurrence of non-line of 

sight (NLOS) propagation, which is strongly dependent on the elevation angle (P (NLoS,𝜃𝜃)); the 
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probability of occurrence of LOS propagation, which is strongly dependent on the elevation angle 

(P (LoS,𝜃𝜃)); radius R of coverage disk (zone) and path loss during NLOS propagation in the 

equation for the spatial expectation of the path loss; the equation for maximum path loss 𝑃𝑃𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚  

is derived. 

To get the optimal point of the LAP altitude hOPT that offers the optimum coverage, there 

is requirement to find out ℎ that fulfils the equation at the critical point: 

𝜕𝜕𝑅𝑅
𝜕𝜕ℎ

= 0 

It is also pointed out that in certain constant environment, there is a constant ratio 

between hOPT and R, or alternatively speaking, there is a specific angle of elevation that fulfils a 

continuous proportion of hOPT/R, which can be called as optimum elevation angle. Additionally, it 

is discovered that the best altitude of a LAP is intensely reliant on the particular urban 

environment. Moreover, the values of maximum path loss regarding the optimum altitude may 

exceed with the increase in the altitude, thus there is a need to put constraint in height. 

 

2.4. Impact of Altitude and Other Related Factors on Coverage Probability  

The downlink coverage probability for unmanned aerial vehicles (UAVs) which acts as 

flying base stations is studied in [8]. The authors proved a theorem in order find out the downlink 

coverage probability for operators placed at any random distance r. It has been mentioned that 

varying the altitude of UAV impact the coverage by influencing the distance between the users 

and UAV, line-of-sight probability and the possible radius of coverage area. Enlarging the altitude 

of UAV causes greater path loss and line-of-sight probability, along with a greater viable radius 

of coverage area. In the existence of noisiness, the UAV has to upsurge its transmission power to 
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fulfill the requirements of coverage. Moreover, as the number of UAVs upsurges, the distance 

amid the UAVs reduces, and therefore, the interference from the adjacent UAV will augment.  

2.5. Optimal UAV Altitude 

According to [3] , the optimum altitude of UAV for device to device(D2D) users’ and 

downlink users(DUs) reduces as the amount of D2D users’ upsurges. This is because of the 

circumstance that a greater D2D users’ density generates more interference, and therefore the 

UAV decreases its elevation to enhance value of signal-to-interference-plus-noise ratio (SINR) for 

the DUs.This means that the UAV places itself nearer to the DUs to deal with the more 

interference produced by the greater amount of D2D users. It is also pointed out that by allowing 

the UAV to perceptively move over the targeted region, the over-all essential UAV transmission 

power, even though covering the whole zone, can be reduced. 

 

2.6. Optimal Position 

According to [9] the UAVs should be positioned in a manner to make best use of the entire 

coverage, and to evade any interference. In addition, every UAV should consume least 

transmission power to enhance the coverage life time. Circle packing problem is employed in 

order to find out circular coverage area for each UAV. In the proposed model, every circle links 

to the region of coverage for every UAV, and maximizing packing density is associated to 

enhancing the area of coverage with non-overlying minor circles. Consequently, assuming the 

number of symmetric UAVs and the radius of the particular area, the 3D locations and essential 

coverage radii of UAVs which brings about the full coverage is determined. Afterward, the least 

transmission power of UAVs has been calculated as per the necessary coverage radii of all UAVs. 
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Here it is contended that the UAVs’ altitude should be reduced as their number upsurges. 

For larger number of UAVs, to circumvent interference between the areas of coverage, UAVs’ 

coverage radii should be reduced by decreasing their height. Lastly, the optimum number of UAVs 

for an effective system design is considerably reliant on the size of area and the coverage 

requirement. 

 

2.7. Coverage of the LAP 

To get the LAP coverage over the targeted region (1000m x 1000m), a receiving power of 

above thirty-seven thousand equally scattered receivers is simulated in [1] and the receiving 

power from the total electric field of all receivers is calculated. The total power loss impacting a 

transmitted signal from LAP to nth receiver can be represented in the form of equation:   

Total power loss 𝑃𝑃𝐿𝐿𝑛𝑛  =  10 {−𝑛𝑛𝑛𝑛𝑛𝑛�𝑃𝑃𝑅𝑅𝑋𝑋𝑛𝑛� + 𝑛𝑛𝑛𝑛𝑛𝑛(𝑃𝑃𝑇𝑇𝑋𝑋)} 

Where 𝑃𝑃𝑅𝑅𝑋𝑋𝑛𝑛  is the receiving power and 𝑃𝑃𝑇𝑇𝑋𝑋 is the LAP transmitted power at the nth receiver. 

 

2.8. Coverage Probability 

 The coverage probability of D2D users and the upper and lower boundaries for the 

coverage probability of DU users for various detected threshold values of SINR is shown in [3]. 

The findings revealed that the simulation and analytical results for D2D users match completely 

and the methodical boundaries for coverage probability of DU and the precise results of 

simulation are close. Further it is concluded that the D2D users’ coverage probability will reduce 

by increasing the threshold [3]. 
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2.9. D2D and DU Coverage Probability as a Function of the UAV Altitude  

From the perspective of DUs, the UAV must be at an optimum elevation in a way that it 

can offer a maximum coverage. Actually, the UAV should not be positioned itself at very small 

elevations, because of more shadow. Alternatively, at very great altitudes, links of LoS occur with 

a great possibility but the great distance between DUs and UAV may cause more path loss.  

 

2.10. Propagation Path Visibility 

Path visibility, described as that percentage of the users which are in line-of-sight from 

the station or node, confines services for the similar proportion of users. A way is proposed in 

[10] for forecasting LOS path of propagation in compactly urban environment centered on a 

building’s distribution model. 

 

2.10.1. Estimation of Visibility  

Between a subscriber station (SS) and a nodal station (NS), the visibility is described by 

the likelihood that the LOS path is not obstructed by the structures standing between both SS 

and NS. According to authors, the visibility can be computed by means of rectangular 

coordinates. They assumed 𝑝𝑝(𝑥𝑥) as the incident visibility at x on LOS. The reduction rate of 

visibility, -𝑑𝑑𝑝𝑝(𝑥𝑥), via minor distance 𝑑𝑑𝑥𝑥 is equivalent to the segment of 𝑝𝑝(𝑥𝑥) obstructed by the 

constructions in 𝐴𝐴 area. Therefore, 

𝑑𝑑𝑝𝑝(𝑥𝑥) =   𝑓𝑓𝑖𝑖(𝑥𝑥)𝑑𝑑𝑥𝑥. {−𝑝𝑝(𝑥𝑥)} 

Where  𝑓𝑓𝑖𝑖(𝑥𝑥) indicates the collision probability per unit distance at x in the ith section. 
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2.10.2. Verification of Visibility Estimation Method 

The correlation amid estimated and measured visibility values is shown in [10]. The 

concept in which the measured values are equivalent to estimated values is presented. 

Therefore, this method of visibility estimation is substantiated by ground analysis in a real-world 

urban area. 

 

2.11. Probability of Collision  

Probability of collision  𝑓𝑓𝑖𝑖(𝑥𝑥)  in area A is discussed in [10]. The locations of buildings are 

expected to be consistently random to shorten the calculations. The probability of collision by 

the cross-width of the buildings or proportion of width of entire shadow to width of unit in the 

vertical direction is calculated. 

  

2.12. Performance and Trade-offs of UAVs 

The interaction between a (D2D) communication network and the UAV that is 

communicating information in the downlink is examined in [11]. Two situations are deliberated: 

a mobile UAV and a static UAV. In the first situation, the smallest number of stay points that the 

UAV requires to cover the region entirely is calculated by means of the disk covering problem. In 

the second situation, the average probability of coverage and the sum-rate of system for the 

subscribers in the region are computed as a function of the amount of D2D subscribers and the 

altitude of UAV. The authors considered two kinds of subscribers: downlink users which received 

information from the UAV, and D2D users which communicated straight with each other. 
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2.13. Building Blockage 

Various results of propagation for millimeter radio and certain methods of prediction are 

presented in [12]. The probability of building blockage is best assessed by techniques of ray-

tracing by means of actual data from terrain databases and detailed building. Calculation of 

characteristics of signal when evaluated against ray-tracing models have displayed appropriate 

statistical match, but the amounts showed substantial variability of signal with time and with 

position for routes without a clear line of sight. Consequently, because of the inadequate 

accurateness of databases of real building, forecasts of service quality for particular near-LoS 

paths is probable. It is recommended that because vegetation, particularly shrubs and tall trees 

can result in extreme impairment of services; thus, data from vegetation should preferably be 

incorporated in the databank [12]. 

 

2.14. Distortion in Propagation Channel  

The sudden impact of building and vegetation dynamics and land multi path on the 

channel for propagation is considered in [12] . During the calculation of dynamic vegetation 

effects, it is recommended that the deep null structure perceived in measurements for time 

series can merely be shaped by the collaboration of several smattering components within the 

plants. With the intention to simulate this mechanism of propagation, an area from several 

dispersing sources arbitrarily located along a line lateral to the route is added. 

During the calculation of frequency selective vegetation attenuation, the level of signal in 

very turbulent circumstances is compared. The minor variation level in the signal across the 

channel proposes that there is no main fading of selective frequency. The variation of time and 
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the level of signal might consequently be because of difference in obstacle or in the thickness of 

leaves and branches in between the transmitter and the receiver, or, because of multi path where 

the differences of propagation time are very minor. 

 

2.15. Multi Path Reflections 

Ray-tracing simulations in [12] have exposed that the problem of multipath seems to be 

small in circumstances under which the system will be functioning. The very thin beam width of 

receiver antenna results in many multi path signals to be very deeply weakened. Merely the very 

thin grazing emissions from neighboring ground and rooftops enter the receiver with a 

considerable amount. A result of this is the delay spread values discovered from simulations are 

very small. 

The roughness and extent of the reflecting surface of building has an intense impact on 

the channel frequency response. The International Telecommunication Union (2003) displayed 

the calculated channel response of three diverse reflecting signals: one from a factory window, 

one from the chimney of a terraced house (including a mounted Yagi TV aerial) and one reflected 

by the corrugated metal wall of a large retail building. It is found that the last building that has 

uneven wall offers a protracted consideration in angle instead of a particular specular reflection.  

 

2.16. Interference 

As per [12], cellular radio system is planned in such a way that there is a compromise 

between the carrier to interference ratio and the frequency reuse pattern. A small carrier to 
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interference ratio might be essential for a specific system to work reasonably, that is, in 

accordance with detailed performance. 

Assuming the smaller carrier to interference ratio needed, it turns out to be easy to offer 

a consistent pattern of frequency reuse that fulfils the necessity. Though, features of terrain 

should be allowed for and the appropriate location of base station should be chosen intently to 

attain the required cellular radio system performance.  
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CHAPTER 3 

EMERGENCY COMMUNICATION SYSTEMS 

3.1. Emergency Communication Systems 

Demands on communication increase during emergencies, which are often different from 

the demands of non-emergency circumstances. Situations that involve actions that demand high 

performance and flexible emergency communication services is known as an emergency. Faulty 

emergency communication facilities can have consequences that are problematic as well as 

disastrous at worst. Mobile networks usually experience high volumes of voice and data traffic 

during crowded events/places such as conventions, football games, protests and also during 

natural disasters that are of a higher magnitude than what they experience during normal days. 

Such events put a high demand on the capacity of the communication networks, which usually 

results in frequent disruptions such as call blocks, call drops and inability to access the network. 

Users also tend to use voice and data services more during such events because they tend 

to talk with family, friends and also access the internet to upload photos, videos as well as update 

the public about the present situation. Mobile networks experience unprecedented challenges 

when dealing with sudden high demand. Some of these challenges are often exceptionally high 

because there may be a tremendous number of users in a small area, which will be normally 

covered by a small number of cell towers. Secondly, network utilization of most mobile networks 

is already approaching its full capacity due to the ever-growing popularity of smart phones and 

tablets, which require greater bandwidth. Lastly, it is essential for mobile networks to manage 

such high demands during such events because it could easily lead to reputational damages. 

During such situations, there are a high number of users, so poor network performance will lead 
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to a large number of unsatisfied users, which in turn can damage the standing of the mobile 

network. 

 

3.2. Challenges of Emergency Communication Systems 

A central component of any disaster response is an effective information and 

communication system. Alerts, warnings, orders about evacuation, self-protective actions, 

information about response status, available assistance, etc. comprises of an emergency 

communication. 

Emergency communication, unlike routine communication, faces numerous challenges. 

1. Physical damage of network devices- One of the major causes of communication 

barrier during an emergency is the destruction of network elements. E.g. several wireless base 

stations and various communication cables were damaged during Hurricane Katrina. Adding to 

these woes the remaining sections of the network also failed to provide satisfactory 

communication services to first responders. 

2. Congested network- In the event of a natural or man-made disaster, passing 

information becomes a tedious task. In case the communication devices survive the calamity, 

odds of the network getting congested is certainly high. E.g. New York City World Trade Center 

attack-September 11, 2001. During the 9/11 attack, the telecommunication systems were 

overloaded and phone networks hopelessly congested. Due to lack of interoperability between 

departments, communication between emergency responders was limited. The amount of 

confusing information received by the 911 operators made it impossible for them to be of much 

help to the callers. Police officers from the New York City Police Department (NYPD) helicopters 

https://en.wikipedia.org/wiki/New_York_City_Police_Department
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issued warning messages, which unfortunately were not received by many firefighters resulting 

in their death when the towers collapsed.  

3. Interoperability- Interoperability plays a key role in any emergency communication 

strategy. It is defined as the ability of first responders to communicate uninterrupted with other 

systems. E.g. Interoperable Communications: How Long Will We Wait to Answer the Call? [13], 

the former director of the Federal Emergency Management Agency, discusses the inefficiency of 

emergency responders to communicate with each other due to the challenges of interoperability 

among communication systems.  

4. Lack of appropriate communication systems and tools- Public administrators deal 

with a huge challenge of ensuring that emergency communication systems and tools are capable 

of allowing multiple public safety organizations to interact with one another. Reliable and robust 

communication is vital for successful emergency management operations. E.g. London 

Underground bombings-7 July 2005. On this day, an hour and ten minutes after the bombs went 

off, mobile phone networks reached full capacity. The damaged trains were unable to 

communicate with the control center or emergency personnel because of an outdated radio 

system. Lack of digital radios forced emergency operators to rely on the overloaded mobile 

phone network. Many officials did not have the Access Overload Control (ACCOLC) -enabled 

mobile phones, thus ACCOLC, implemented in an area of 1km, was not helpful in the aftermath.  

5. Timeliness and speed of delivery- It is critically important to communicate about an 

emergency situation in a timely manner in order to be able to alleviate any damage or loss of life. 

E.g. Virginia Tech massacre. During the massacre, staff and students were alerted about two 

hours after the gunman had entered, and they had also secured a building in which he was going 

https://en.wikipedia.org/wiki/Cellular_network
https://en.wikipedia.org/wiki/London_Underground
https://en.wikipedia.org/wiki/ACCOLC
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to attack. It was 20 minutes after the shooting began that a loudspeaker announcement was 

made for people to take cover. 

6. Public Protection for Disaster Relief (PPDR) systems- The current communication 

systems such as PPDR are limited in terms of network coverage and capacity. 

7. The endurance of emergency communication system- An effective emergency 

communication system must have long endurance to provide services during such unexpected 

events. It must also provide reliable connectivity and service availability over a good coverage 

area. 

8. Energy efficient operation- A major challenge faced by first responders is the 

disappointing network. If the communication system is energy efficient, it will increase the overall 

network lifetime.  

9. Reliable Power source- A natural disaster in most cases causes power outage thus 

leaving millions in the dark without internet, mobile phones or landline communications. E.g: 

Hurricane Sandy- October 29, 2012. Thousands of houses were destroyed and millions were left 

without electricity and thus without internet, mobile phones or landline communications when 

Hurricane Sandy hit New York City, New Jersey and the surrounding areas . The hardest hit areas 

are still experiencing serious power outages [14] .  

 

3.3. GSM     

 GSM is known as Global System for Mobile Communication. It is a second generation (2G) 

cell phone system whose main purpose is to transmit voice and data services. The GSM standard 

was developed by the European Telecommunications Standards Institute (ETSI), and they 

https://en.wikipedia.org/wiki/Loudspeaker
https://en.wikipedia.org/wiki/Internet
https://en.wikipedia.org/wiki/Mobile_phone
https://en.wikipedia.org/wiki/Landline
https://en.wikipedia.org/wiki/Electric_power
https://en.wikipedia.org/wiki/Internet
https://en.wikipedia.org/wiki/Mobile_phone
https://en.wikipedia.org/wiki/Landline
https://en.wikipedia.org/wiki/Hurricane_Sandy
https://en.wikipedia.org/wiki/New_York_City
https://en.wikipedia.org/wiki/New_Jersey
https://en.wikipedia.org/wiki/East_coast_of_the_united_states
https://en.wikipedia.org/wiki/European_Telecommunications_Standards_Institute
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described the protocols used by mobile phones. Among the three wireless technologies GSM 

uses TDMA (Time division Multiple Access) the most. Its functions include digitizing and 

compressing the data, then sending it through a channel. Each stream of data has its own time 

slot. GSM operates in a number of different carrier frequencies. It operates in the 1.9GHz and 

850MHz bands in the US. GSM users can utilize the same cell phones with various service 

providers or even travel around the globe due to its international roaming capability. The data is 

divided into individual timeslots for every phone regardless of the frequency selected by the 

operator. Eight full-rate speech channels are permitted per radio frequency, and they are 

grouped into a TDMA frame. Sixteen full-rate speech channels are also allowed per radio 

frequency. At the same time, half-rate channels use alternate frames in the same timeslot [15].  

 

3.4. Base Station 

A base station is a piece of communication equipment that provides wireless 

communication between wireless phones and conventional wired phones. It is also referred to 

as a cell site and uses microwave radio communication. Mobile phones within a local area are 

connected to the base station in that particular area. A base station helps to communicate by 

carrying information to and from the transmitter and receiver. Wireless communication 

technologies like GSM, CDMA, Wi-Fi, WiMAX, etc. are used. 

Base stations operate from towers far above the ground where it is easier to 

communicate with users on the ground as well as provide maximum coverage.  They are mounted 

on towers at great heights to overcome obstacles such as buildings, trees, etc. A base station 

consists of a transceiver, power amplifier, multiplexer, antennas, a receiver and so on.  Power 

https://en.wikipedia.org/wiki/Mobile_phone
https://en.wikipedia.org/wiki/Time_division_multiplexing
https://en.wikipedia.org/wiki/Time_division_multiple_access
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transmitting amplifiers are used to generate strong signals in order to transmit calls. They are 

linked to the transmitting antenna by a coaxial cable. On the other hand, low-noise amplifiers are 

connected by a cable to the receiving antennas, and they detect the weak incoming signals and 

detach it from any background noise that is present. 

There are different types of base stations based on the coverage requirement.  They are: 

1. Macro cells- They are usually situated in rural areas and highways. These cells cover 
large areas. 

2. Microcells- Situated in suburban and urban areas, they are low-power base stations. 
Microcells are set up in areas where a mobile network requires extra coverage. This 
additional coverage boosts the quality of service. 

3. Picocells- They are located inside buildings. Coverage of these cells is limited to a small 
area with many users and poor network quality. Picocells are smaller base stations 
[16]. 

A regular base station consists of three antennas out of which two are for receiving and 

one is for transmitting. The antennas on the receiver side aides in comparing signals and 

eventually selecting the best antenna for each user within the cell. Power differences between 

the cellular base station transmitter and the cell phone transmitter is equally managed using this 

technique. In most cases the transmitting antenna is placed between the receiver antennas. All 

the antennas are separated from each other by several meters due to the large difference in 

power levels. Transmitters and receivers have different frequencies.  There are two types of 

antennas, omnidirectional antennas and sector antennas. 

Each service provider can have a number of base stations to cover the targeted areas. The 

population density and geographical changes determine the number of base stations to be 

placed. The criterion that decides the deployment location and distance of the base stations is 

the bandwidth. In an area consisting of excessive network subscribers, sufficient number of base 
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stations located at closer proximity to subscribers is required to ensure that the quality of service 

is not affected.   

 

3.5. Components of an Aerial Base Station 

3.5.1. Software Defined Radio 

An SDR is also a radio communication system. In this system, components that are usually 

implemented in hardware like mixers, filters, amplifiers, detectors, etc. are now by means of 

software implemented on a personal computer or embedded system. Some of the advantages of 

SDR include reduced cost of deployment, production, upgrades and maintenance of various 

communications components. It also enables network interoperability. There has been an issue 

of constructing multi-mode, multi-band and multifunctional wireless communication devices. 

SDR also provides an efficient and secure solution to it. Hence these devices are extremely 

multipurpose. All of the special-purpose radio functions found in cell phones could be performed 

by a SDR with the help of the right software. Some of the other functions that can be performed 

are: Record FM radio and digital television signals, read RFID chips, track ship locations and so 

on. Also, SDR is very helpful during prototyping of new communication models. Currently, cellular 

infrastructure system uses programmable processing devices to create base stations supporting 

multiple cellular infrastructure standards with the help of SDR. New waveforms and protocols 

can be used to re-configure an SDR so that it can operate with different waveforms as well as 

protocols. 

Benefits of an SDR include: 

• Depends on software to implement several applications, unlike regular cell phones 
that use several chips to handle an array of communication tasks. For example, one 

https://cgran.org/wiki/RDS
http://gnuradio.org/redmine/projects/gnuradio/wiki/CompGrAtsc
https://cgran.org/wiki/Gen2
https://cgran.org/wiki/AIS
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to talk to cell towers, a second one to receive GPS signals, another one to set up a 
connection with Wi-Fi base stations and then a fourth one to interact with Bluetooth 
devices.   

• Much of the radios in today’s world are designed to use a set frequency band. On the 
other hand, software defined radios can be tuned to use a diverse number of 
frequencies at the same time. It makes it possible to use the electromagnetic 
spectrum in many new ways. 

• An SDR is economical compared to conventional radios [17].  

 

3.5.2. BladeRF 

BladeRF is a Software Defined Radio (SDR) platform that enables various experiments to 

be carried out on RF communication. It is a fully bus powered USB 3.0 Super Speed SDR that 

operates in the 300MHz to 3.8GHz RF frequency range. The existing open source drivers offer 

support for GNURadio along with other things, allowing the bladeRF to be used directly. This gives 

the bladeRF the capacity to act as a conventional RF modem, a GSM and LTE picocell, a GPS 

receiver, an ATSC transmitter or a combination Bluetooth/Wi-Fi client without the need for any 

expansion cards. The bladeRF permits the function of reprogramming the USB 3.0 

microcontroller and Field Programmable Gate Array (FPGA) directly via USB. The bladeRF's FPGA 

and USB 3.0 microcontroller firmware can also be easily modified using free tools and 

development suites such as OpenBTS. 

 



27 

 

Figure 3.1 BladeRF 
 

3.5.3. Raspberry pi 

In simple terms the Raspberry pi is a small computer just the size of a credit-card. It is 

open hardware and can be employed in electronics projects, browsing the internet, games, etc.   

A raspberry pi has been used in this thesis because it works on Linux and has a low power 

consumption level but can still afford to perform all the activities that implies. It is cost-effective 

too. The main operating system is Raspbian, which is based on Debian, a distribution of Linux.  

This research makes use of Raspberry pi 3. The main features of Pi 3 are: 
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• A CPU with 64 bit operating system 

•  On-board Wi-Fi (802.11n) and Bluetooth 4.1 that will enable users to try interesting 

and innovative applications 

• Broadcom BCM2387 chipset 

• The 1.2GHz 64-bit quad-core ARM Cortex-A53 CPU 

• Integrated 802.11n wireless LAN and Bluetooth 4.1 

• 40 pin extended GPI 

• 4x USB 2.0 ports 

• Stereo out and composite video port 

• HDMI Port 

• CSI (Camera Interface) and DSI (Display Serial Interface) ports 

• Micro SD card slot 

• Micro USB power source 

Raspberry pi 3 was chosen because it performs ten times faster and efficient compared 

to Raspberry pi 1. One notable drawback of the Raspberry pi is that it is particularly slow 

compared to modern computers [18]. 
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Figure 3.2 Raspberry Pi 
 

3.5.4. Yate BTS 

Yate BTS is a software application that provides GSM/GPRS interface for standard GSM 

compatible mobile phones. This is an open-source software and offers a unique platform with 

increased flexibility and scalability [19]. 
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3.5.5. Antenna 

A specialized metallic device that converts radio electromagnetic waves into alternating 

current (AC) is called an antenna. In other words, an antenna transmits radio electromagnetic 

waves. It is an important functional part of radio. Antennas come in all shapes and sizes, but they 

should be of the right size to operate efficiently. A critical point to keep in mind is that they need 

to be tuned to the right frequency; otherwise the radio waves can neither be emitted nor 

obtained efficiently. Radio frequency is applied to the terminals of the antenna of the transmitter 

and high frequency energy is emitted into space. The energy emitted from the antenna is 

radiated as electromagnetic waves and the receiver captures these waves to produce a radio 

frequency at its terminals. This frequency is now applied to the receiver to be amplified and 

demodulated. As mentioned above, if the length of the antenna is not appropriate, radio waves 

cannot be gained efficiently. For normal use, an antenna can serve both as a transmitter and 

receiver.  

The antennas are broadly classified into three categories: 

• Omni-directional antennas  

• Directional antennas 

• Semi-directional antennas- They are characterized by a specific angle, hence 
propagate in a compressed manner.   

 

3.5.5.1. Omnidirectional Antenna 

An omnidirectional antenna propagates in all directions. It is a wireless antenna that 

transmits or receives signals (radio-frequency electromagnetic fields) uniformly in all horizontal 

directions over a large flat area. It is also known as non-directional antennas because it does not 
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go for a particular direction or design. They are most commonly used in RF wireless devices to 

create hot spots, like wireless routers etc. The radiated signal has the same strength in all 

directions in the transmitter. The gain of every antenna coincides with its performance. Higher 

the gain, larger the area the signal covers. 

This is the most common type of antenna used. This type of antenna propagates radio 

frequency waves in a doughnut shaped radiation pattern equally in all direction at 360 degrees 

in the horizontal plane and 75 degrees in the vertical plane. Dipole antennas are suitable for 

connecting devices that are located on the same plane or side by side. Vertically oriented dipole 

antennas constructed to be resonant at no more than half wavelength exhibits omnidirectional 

properties at all times. 

 

Figure 3.3 Radiation Pattern of Omni directional Antenna 

360o 360o 

Antenna 
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Higher the gain of the antennas, smaller the vertical beam width gets. By way of explanation, 

higher gain results in larger area of signal coverage. A drawback faced by omnidirectional dipole 

antenna is that, it cannot communicate with high rise buildings due to improper radiation 

patterns.  

 

3.5.5.2. Directional Antenna 

These antennas permit highly directional propagation because they have a narrow beam. 

Directional antennas, as the name suggests is a radio-frequency wireless antenna designed to 

provide signal coverage in a specified direction. They must be positioned in the direction of the 

transmitter or receiver to reduce interference and improve the transmission and reception. In 

order to receive the best strength and quality, one needs to ensure that the width of the antenna 

reception cone is known. The different types of directional antennas are parabolic antenna used 

with satellite internet and television, yagi antenna, quad antenna, billboard antenna and helical 

antenna. Directional antennas are unidirectional in such a way that there is maximum gain or 

increased efficiency in one direction. During transmission, a directional antenna transmits more 

power in the direction of the receiver, resulting in increased signal strength. Directional antennas 

perform better than omnidirectional antennas due to the high amount of radiation on a particular 

area 

 

3.6. Channel Model 

The medium between a transmitter and a receiver is known as a channel. The changes in 

the signal characteristics are due to several factors that include: 
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• Large scale fading- Distance between the transmitter antenna and receiver antenna. 

• Medium scale fading- Reflection, refraction and diffraction due to shadowing and 
obstacles. 

• Small scale fading- Path taken by the signal, e.g. multipath  

A channel model calculates the physical effects of the received signal from the transmitted 

signal. 

A number of signal propagation models have been developed to predict radio 

propagation behavior in urban, suburban and rural areas. A channel model helps in mapping 

received signal strength (RSS) to the distance.   

 

3.6.1. COST 231 Model- Extension to Hata Model 

The COST-231 model is an extended version of the Hata model developed in order to 

extend Hata’s model up to 2GHz. Also, known as COST-231-Hata model, it is a semi-empirical 

path loss model suited for urban and suburban areas. This model is mainly applicable to the urban 

areas and estimates the path loss more accurately for higher frequency ranges. The restrictions 

for this model are: 

• The frequency range (fc) is between 1500MHz to 2000 MHz 

• Height of the transmitter (the) is 30 meters to 200 meters 

• Height of the receiver (hre) is 1 meter to 10 meters 

• Transmitter- receiver distance (d) is between 1 km and 20 km 

The path loss equation is: 

𝐿𝐿50 (𝑢𝑢𝑓𝑓𝑢𝑢𝑢𝑢𝑛𝑛) = 46.3 + 33.9 log 𝑓𝑓𝑓𝑓 − 13.82 logℎ𝑡𝑡𝑡𝑡 − 𝑢𝑢(ℎ𝑓𝑓𝑡𝑡) + 44.9 − 6.55 logℎ𝑡𝑡𝑡𝑡) log𝑑𝑑+Cm 

CM = 0 dB                                       for medium sized city and suburban areas 

         3 dB                                       for metropolitan cities [20] 
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3.6.2. COST 231 Walfisch-Ikegami Model 

 

Figure 3.4 Walfisch-Ikegami model 
 

A semi-empirical model in which path loss equation from Walfisch-Bertoni model and 

building path loss from Ikegami model are joint with some empirical correction parameters forms 

the COST 231 Walfisch-Ikegami model. The parameters taken into consideration in order to 

calculate path loss in this model are- 

• Frequency f: 800 - 2000 MHz  

• Base station height Hb: 4 - 50 m 

•  Mobile height Hm: 1 - 3 m 

•  Distance d: 0.02 - 5 km 
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• Height of the building Hr (m) 

• Width of the road w (m) 

• Building separation b (m)  

• Road orientation with respect to the direct radio path Phi (°) 

When there is free line of sight between the base station and mobile station (Microcells). In LOS 

condition, Lb = Lo, 

𝐿𝐿𝑢𝑢 = 42.6 + 26 log𝑑𝑑+20log 𝑓𝑓  𝑓𝑓𝑛𝑛𝑓𝑓 𝑑𝑑 ≥ 0.02𝑘𝑘𝑘𝑘 

When there is no free line of sight between base station and mobile station- The propagation 

loss Lb for NLOS condition is calculated as the sum of free-space loss (Lo), roof-top-to-street 

diffraction and scatter loss (Lrts), which is produced in the street due to the location of the 

receiver, and multiscreen diffraction loss (Lmsd) created due to the multiple diffractions on 

rooftops along the propagation path. 

𝐿𝐿𝑢𝑢 = 𝐿𝐿𝑛𝑛 + 𝐿𝐿𝑓𝑓𝑡𝑡𝐿𝐿 + 𝐿𝐿𝑘𝑘𝐿𝐿𝑑𝑑 

Where Lo- free-space loss 

𝐿𝐿𝑛𝑛 = 32.4 + 20 log𝑑𝑑 + 20 log 𝑓𝑓 

Lrts roof-top-to-street diffraction and scatter loss 

To calculate Lrts, the width of the road and the road orientation with respect to the direct 

radio path is considered. 

𝐿𝐿𝑓𝑓𝑡𝑡𝐿𝐿 =  −16.9 − 10 log𝑤𝑤 + 10 log 𝑓𝑓 + 20 log(𝐻𝐻𝑓𝑓 − 𝐻𝐻𝑘𝑘) + 𝐿𝐿𝑓𝑓𝑓𝑓𝐿𝐿 

𝐿𝐿𝑓𝑓𝑓𝑓𝐿𝐿 =  −10 + 0.354 ×   𝑃𝑃ℎ𝐿𝐿                    𝑓𝑓𝑛𝑛𝑓𝑓 0 ≤ 𝑃𝑃ℎ𝐿𝐿 < 35° 

𝐿𝐿𝑓𝑓𝑓𝑓𝐿𝐿 =  2.5 + 0.075 ×  (𝑃𝑃ℎ𝐿𝐿 − 35)                   𝑓𝑓𝑛𝑛𝑓𝑓 35° ≤ 𝑃𝑃ℎ𝐿𝐿 < 55° 

𝐿𝐿𝑓𝑓𝑓𝑓𝐿𝐿 =  4.0 − 0.114 ×  (𝑃𝑃ℎ𝐿𝐿 − 55)                   𝑓𝑓𝑛𝑛𝑓𝑓 55° ≤ 𝑃𝑃ℎ𝐿𝐿 < 90° 



36 

Lcri- Correction factor that takes into account loss due to the orientation of the street.  If 

the value of Lrts is negative, Lrts=0 

Lmsd-multiscreen diffraction loss  

Lmsd calculates the distance between the mobile station and the base station as well as 

the base station height and building height. 

 if Lmsd <0, then Lmsd = 0. 

𝐿𝐿𝑘𝑘𝐿𝐿𝑑𝑑 = 𝐿𝐿𝑢𝑢𝐿𝐿ℎ + 𝑘𝑘𝑢𝑢 + 𝐾𝐾𝑑𝑑 ×  log𝑑𝑑 + 𝐾𝐾𝑓𝑓 log 𝑓𝑓 − 9 × log 𝑢𝑢 

𝐿𝐿𝑢𝑢𝐿𝐿ℎ =  −18 × log(1 + 𝐻𝐻𝑢𝑢 − 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓)            𝑓𝑓𝑛𝑛𝑓𝑓 𝐻𝐻𝑢𝑢 > 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓 

𝐿𝐿𝑢𝑢𝐿𝐿ℎ =  0        𝑓𝑓𝑛𝑛𝑓𝑓 𝐻𝐻𝑢𝑢 ≤ 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓  

𝐾𝐾𝑢𝑢 =  54        𝑓𝑓𝑛𝑛𝑓𝑓 𝐻𝐻𝑢𝑢 > 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓 

𝐾𝐾𝑢𝑢 =  54 − 0.8(𝐻𝐻𝑢𝑢 − 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓)              𝑓𝑓𝑛𝑛𝑓𝑓 𝑑𝑑 ≥ 0.5 𝑢𝑢𝑛𝑛𝑑𝑑 𝐻𝐻𝑢𝑢 ≤ 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓 

𝐾𝐾𝑢𝑢 =  54 − 0.8 (𝐻𝐻𝑢𝑢 − 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓) × �
𝑑𝑑

0.5
�              𝑓𝑓𝑛𝑛𝑓𝑓 𝑑𝑑 < 0.5 𝑢𝑢𝑛𝑛𝑑𝑑 𝐻𝐻𝑢𝑢 ≤ 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓 

𝐾𝐾𝑑𝑑 = 18             𝑓𝑓𝑛𝑛𝑓𝑓 𝑑𝑑 < 0.5 𝑢𝑢𝑛𝑛𝑑𝑑 𝐻𝐻𝑢𝑢 > 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓 

𝐾𝐾𝑑𝑑 = 18 −  15 ∗ ( Hb −  Hroof)/ Hroof            𝑓𝑓𝑛𝑛𝑓𝑓 Hb ≤  Hroof  

Kf=-4+0.7 ×  �
f

925
-1�    for medium sized cities and suburban center with moderate traffic 

Kf= -4 + 1.5 ×  � f
925

-1�       for metropolitan centers [21] 

Walfisch-Ikegami model is found as the best fit for this thesis due to the following reasons: 

• Compared to other models such as Okumura-Hata model, the process of calculation 
in this model is more detailed.  

• This model is mostly recommended for micro cells and small macro cells for urban, 
suburban and rural areas.  

• According to the model the height of the transmitter should be within 4-50 meters, 
which suits our test environment and setup.  
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• The minimum distance between the base station and mobile station is 0.02 km.  

• Walfisch-Ikegami model takes into consideration LOS and NLOS situations. 

 

3.7. Signal Booster 

The purpose of a cell phone signal booster is to take an existing signal, amplify it and 

transmit it to an area with weak signal strength. It consists of an external antenna, an amplifier 

and an internal antenna. The main benefits of using a signal booster are: 

• A booster does not create signals. It only receives an existing signal and amplifies it. 

• It compensates for weak signals or obstacles that inhibit the phone signal thus 
increasing the coverage area.  

• When amplifying weak signals, for every 3 dB increase, the amplifier doubles the 
signal strength. 

• It reduces dropped calls [22]. 
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CHAPTER 4 

DESIGN AND EVALUATION 

In this thesis, the coverage of the aerial GSM base station is investigated and evaluated 

on the basis of received signal level. Its impact on network coverage by varying the base station 

antenna height is also calculated. A simple propagation model for estimating the path loss 

encountered in GSM signal propagation in the chosen environment, is considered. GSM standard 

is chosen for the signal propagation as it is more reliable than the Wi-Fi network. If the base 

station has to be set up in a disaster scenario, it cannot be guaranteed that all cell phones will 

connect to the Wi-Fi. However, mobile devices will automatically connect to the GSM network 

when they detect it.  

 

4.1. Base Stations for Emergency and Temporary Events 

In the aftermath of an unanticipated event, infrastructure of communication plays a 

significant part in providing vital facilities like operations regarding emergency recovery, 

restoration of infrastructure, post disaster investigation, and so on. Consequently, base stations 

from cellular networks might have been damaged by a tsunami or earthquake, as well as 

impacted by outages of power instigated by several reasons like harsh weather occasions, 

including hurricanes and floods [23]. 

Figure 4.1 shows the suggested deployment architecture to offer temporary and 

emergency communications. This network is required to be strong, helpful for broadband 

applications. Additionally, network service is designed for these temporary or disaster events. 

Furthermore, the architecture should sustain prompt deployment and configuration of the 
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broadband system. This is attained due to the design of two main parts: an air-segment, which 

comprises of the GSM base station, and a terrestrial-segment, empowered by several mobile 

phone devices. 

 
Figure 4.1 Aerial Base Station Cellular Network 

 

 
Figure 4.2 Aerial Base Station 

R 

h d 

Coverage 
area 

LAP 



40 

4.2. Research Methodology 

 

 

 

Figure 4.3 Step wise Research methodology 

Build a GSM base station 
using bladerf and 

raspberry pi

Select testing 
environments

Plan the experimental set 
up and measurements

Conduct the experiment 
for various heights and 

obtained readings

Carry out the experiments 
over several days and 

obtain the average RSSI

Calculate the path loss 
based on the measured 
Received Signal Strength

Calculate the coverage 
area 

Configure the existing  RF propoagation 
models and choose the best fit

Adapt the model based on the base station 
built for this study

Calculate the path loss based on the 
distance, frequency and various other 

characterisitics

Calculate the theoretical RSSI

Plot the results 
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4.3. Setup of an SDR Based Deployable GSM Base Station 

 

• Raspbian Jessie Lite operating system (OS) is unpacked and installed on the Raspberry 

Pi-3. After the installation of OS, bladeRF is connected to the USB 3.0 super-speed port of the 

Raspberry Pi-3 and the subsequent dependencies and libraries are installed on the Raspberry Pi-

3 in this way: 

o YateBTS and BladeRF dependencies are installed. 

o Nuand bladeRF source code is installed. 

o Nuand bladeRF firmware is installed.  

Figure 4.4 Deployable GSM base station 
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o YateBTS and Yate, which are open source software, are installed. 

• GitHub repositories are used to download and install directories or storage spaces. To 

configure the operability of GSM BTS, JavaScript applications in the YateBTS configuration files 

are amended to suit the specifications of prototype design.  

• The next step is to permit subscribers to connect to the BTS. In YateBTS, UEs are 

recognized on two conditions:  

o Systematic expression that matches the International Mobile Subscriber Identity 

(IMSI)  

o They are inserted independently. 

International Mobile Subscriber Identity (IMSI) is a particular number related with phone 

users of GSM and recognizes a GSM subscriber. It consists of two parts: the first part identifies 

the GSM network operator and the second part is allocated by the network operator to recognize 

a user. IMSI is stored in the Subscriber Identity Module (SIM) inside the mobile phone and is sent 

by the mobile to the BTS. For this thesis, IMSI is individually added to the configuration file of 

subscriber so other mobile phones inside range do not link to the UNT Mobile (SDB) network. 

• Minimum configurations of GSM and links required for the SDB are now fixed and the 

test mobile phones with SIMs are linked to the GSM SDB. This is at present a completely working 

single BTS GSM network.  

• SMS and phone calls can then be sent and made correspondingly through the linked 

mobile phones.  



43 

4.4. Experiment 

In order to deploy it outdoors the base station is connected to a 5V battery. It is then 

placed at a height of 4 meters above sea level and the received signal strength readings are 

recorded.  

 

4.4.1. Measurement 

Measurements are obtained for the above-mentioned height and radius is found to be 

30m. 

Table 4.1 Distance between Base station and mobile phones vs RSSI 

TX-RX distance(meters) RSSI 

0 -87 

10 -93 

20 -97 

30 -105 
 

 

4.4.2. Mathematical Formulation for Coverage Area 

The formula for calculating the coverage area for omni-directional antenna is: 

Coverage radius= 30 meters 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  𝑓𝑓2 = 0.234 𝑘𝑘𝑘𝑘2 
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Figure 4.5 Plot showing received signal strength against base station distance 
 

Figure 4.4 shows that the practical values of RSSI do not match that of the models. 

Walfisch-Ikegami model predicts that the RSSI should begin from -50 dBm whereas the measured 

values begin from -87 dBm which is a weak signal. There is an increase in path loss thus reducing 

the signal strength. This mismatch between the practical and theoretical values is due to the low 

transmit power. As the base station power increases received power also increases. The transmit 

power of the GSM base station is 4 mW which is considered too low to transmit strong signals. 

This is due to the fact that fading of signals occurs due to the time, geographical position, etc. 

Reflectors which create multipath that a transmitted signal can traverse surround the transmitter 

and receiver. 
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Table 4.1 shows that the coverage radius is just 30 meters which in turn reduces the area 

of coverage. The low transmit power coupled with significant path loss results in weak signals 

and smaller coverage area.  

 

4.5. Optimization 

In order to overcome this challenge a signal booster is connected to the transmitter to 

boost the transmit power from 4 mW to 0.1 W. This in turn steps up the signal strength to match 

the predicted values and thus increases the area of coverage. Stronger signal means wider 

coverage area. 

Specifications of Signal Booster- 

• Frequency range (MHz): UL 890-915 MH; DL 935-960 MHz 

• Output power: 0.1 W 

• Gain (dB): GSM Up link ≥ 55; GSM Down link ≥ 60 

 

4.6. Adapted Walfisch-Ikegami Model- Formulation of Path Loss 

• As the Walfisch-Ikegami model is a very general model that can be applied to both 

LOS and NLOS conditions, this model is adapted to the current scenario. For any environment, no 

two areas will be identical in terms of terrain, etc. So, the error between the average path loss 

predicted by the model and that observed in practice can be minimized when the propagation 

environment conforms clearly with the model’s assumptions. In order to optimize the model 

some of the parameters need to be tuned to improve the accuracy in the propagation prediction. 

Tests are conducted to see if the tuned RSSI data agree with the measured data in different study 
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locations. The goal is to develop an easily tunable model that fits different environments while 

keeping the number of parameters like wall attenuation factor, etc. low. 

• When there is free line of sight between the base station and mobile station 

(Microcells) 

o Based on the testing environment and base station set up the constant for 

free- space path loss equation is determined.   

o In LOS condition, Lb=Lo 

𝐿𝐿𝑢𝑢(𝑢𝑢𝑑𝑑𝑢𝑢𝑝𝑝𝑡𝑡𝑡𝑡𝑑𝑑) = 50 + 26 log𝑑𝑑 + 20 log 𝑓𝑓       𝑓𝑓𝑛𝑛𝑓𝑓 𝑑𝑑 ≥ 0.02𝑘𝑘𝑘𝑘 

• When there is no free line of sight between base station and mobile station 

The propagation loss Lb for NLOS condition is calculated as the sum of free-space loss 

(Lo), roof-top-to-street diffraction and scatter loss (Lrts), which is produced in the street due to 

the location of the receiver, and multiscreen diffraction loss (Lmsd) created due to the multiple 

diffractions on rooftops along the propagation path. 

Based on the testing environment and base station set up the constant for free space path 

loss and roof-top-to-street diffraction and scatter loss equation is determined.   

𝐿𝐿𝑢𝑢(𝑢𝑢𝑑𝑑𝑢𝑢𝑝𝑝𝑡𝑡𝑡𝑡𝑑𝑑) = 𝐿𝐿𝑛𝑛 + 𝐿𝐿𝑓𝑓𝑡𝑡𝐿𝐿 + 𝐿𝐿𝑘𝑘𝐿𝐿𝑑𝑑       

Where 

Lo- free-space loss 

𝐿𝐿𝑛𝑛(𝑢𝑢𝑑𝑑𝑢𝑢𝑝𝑝𝑡𝑡𝑡𝑡𝑑𝑑) = 23.3 + 20 log𝑑𝑑 + 20 log 𝑓𝑓 

Lrts roof-top-to-street diffraction and scatter loss 

To calculate Lrts- width of the road and the road orientation with respect to the direct 

radio path is taken into consideration. 
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Lrts =  −23.3 −  10 ∗ log (w) +  10 log (f)  +  20 ∗ log (Hr −  Hm)  +  Lcri     

Lcri =  −10 +  0.354 ×  Phi               for 0 ≤ Phi < 35°  

Lcri =  2.5 +  0.075 × (Phi − 35)              for 35° ≤ Phi < 55° 

Lcri =  4.0 −  0.114 × (Phi − 55)               for 55° ≤ Phi < 90° 

Lcri- Correction factor that takes into account loss due to the orientation of the street 

If the value of Lrts is negative, Lrts=0 

Lmsd- multiscreen diffraction loss  

Lmsd calculates the distance between the mobile station and the base station as well as the 

base station height and building height. 

if Lmsd <0, then Lmsd = 0. 

Lmsd =  Lbsh +  ka +  kd ×  log (d) +  kf ×  log (f) −  9 ×  log (b) 

Lbsh =  −18 ×  log(1 + 𝐻𝐻𝑢𝑢 − 𝐻𝐻𝑓𝑓𝑛𝑛𝑛𝑛𝑓𝑓)          for Hb > Hroof 

Lbsh =  0         for Hb ≤ Hroof 

Ka =  54       for Hb  > Hroof 

Ka =  54 −  0.8  ×  ( Hb −  Hroof)                          for d ≥ 0.5and Hb ≤ Hroof 

Ka =  54 −  0.8 ×  ( Hb −  Hroof)  ×  �
d

0.5
�           for d < 0.5and Hb ≤ Hroof 

Kd =  18                                        for Hb >  Hroof  

Kd =  18 −  15 ∗ ( Hb −  Hroof)/ Hroof                   for Hb ≤  Hroof   

Kf=-4+0.7 ×  �
f

925
-1�    for medium sized cities and suburban center with moderate traffic 

Kf= -4 + 1.5 ×  �
f

925
-1�       for metropolitan centers 
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4.7. Testing Environment- Line-of-Sight 

The experiment is performed in the Discovery Park grounds. Three different mobile 

phones and an SDR play are used as receivers and one GSM base station mounted on a pole is 

used as the transmitter.  

 
Figure 4.6 Weather condition 

 

4.7.1. Height (Hm) - 4m 

The GSM base station is mounted on a pole and is used as the transmitter. They are placed 

in the open field.  

 

4.7.2. Parameters for Evaluation 

Propagation parameters used for evaluation of the results are given in Table 4.2 

Table 4.2 Parameters for Evaluation 
Parameter Value 

Frequency 900 MHz 

Uplink Frequency 950 MHz 

Downlink Frequency 950 Mhz 

Number of mobile phones 3 

Parameter used RSSI 

Receiving antenna height 1.72 m 
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 Some of these parameters are used to find the signal propagation model which has the 

closest fit to the experimental data. 

 

4.7.3. Experimental Set up 

The base station is mounted on a pole 4m above the ground. 

 

Figure 4.7 Experimental Set up 
 

4.7.4. Measurement Procedure 

The parameter used to map the coverage area is received signal strength. In order to 

calculate the received signal strength to the distance, a fast yet simple technique called Received 
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Signal Strength Indicator (RSSI) is used. Measurements are taken for heights varying from 4 

meters to 20 meters for a period of two months. The readings are documented by obtaining the 

average of the values measured multiple times. Measurements are taken at 3 meter intervals 

starting from 0 meters up to 105 meters. Then the readings are collected for every 17 meters up 

until 234 meters where the signal is lost. RSSI data is collected by sending and receiving signals 

among the nodes. The base station is responsible for sending signals; the mobile phones and SDR 

play are responsible for receiving signals from the base station, and at the same time obtain the 

values of the received signals. 

Table 4.3 Distance between Base station and mobile phones vs RSSI 
TX-RX distance(meters) RSSI 

0 -50 

3 -58 

6 -66 

9 -70 

12 -71 

15 -72 

18 -71 

21 -72 

24 -73 

27 -74 

30 -74 

33 -75 

36 -73 

39 -74 

42 -73 

45 -75 

48 -76 

51 -77 
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54 -77 

57 -78 

60 -78 

63 -76 

66 -77 

69 -79 

72 -82 

75 -82 

78 -84 

81 -83 

84 -82 

87 -82 

90 -81 

93 -83 

96 -84 

99 -88 

102 -85 

105 -87 

122 -91 

138 -91 

154 -91 

170 -94 

186 -95 

202 -98 

218 -100 

234 -105 
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4.7.5. Mathematical Formulation for Coverage Area 

The coverage area is mostly dependent on the geographical and environmental factors 

like the type of terrain. In order to obtain the coverage area, a propagation model is used and 

tests are conducted. To attain significant coverage, the antennas must be placed at a 

considerable distance from each other. If they are too close to each other, the signals will overlap, 

and if they are too far away there will be areas without GSM coverage. 

Omni directional antennas: 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  𝑓𝑓2 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  0.2342 = 0.1423656 𝑘𝑘𝑘𝑘2 =  142365.6 𝑘𝑘2 

Figure 4.8 Spectrum of Received Signal Strength 
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Figure 4.9 Coverage Area 

 

4.7.6. Height (Hm) - 12m 

The base station is set up on a drone and flown at a height of 12m. 

 

4.7.7. Measurement Procedure 

Measurements are taken at 3 meter intervals starting from 0 meters up to 54 meters. 

Then the readings are collected for every 7 meters up until 223 meters where the signal is lost. 

Table 4.4 Distance between Base station and mobile phones vs RSSI 
TX-RX distance(meters) RSSI 

0 -50 

3 -55 

6 -61 

9 -62 

15 -66 
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18 -68 

21 -71 

24 -72 

27 -73 

30 -74 

33 -74 

36 -74 

39 -75 

42 -77 

45 -77 

48 -78 

51 -80 

54 -80 

61 -81 

67 -81 

73 -82 

79 -82 

85 -83 

91 -83 

97 -84 

103 -84 

109 -85 

115 -85 

121 -84 

127 -83 

133 -83 

139 -85 

145 -85 

151 -84 

157 -87 
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163 -87 

169 -88 

175 -89 

181 -88 

187 -90 

193 -91 

199 -93 

205 -93 

211 -94 

217 -98 

223 -101 
 

 

4.7.8. Mathematical Formulation for Coverage Area for Omni-Directional Antennas 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  𝑓𝑓2 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  0.2232 = 0.1292954 𝑘𝑘𝑘𝑘2 =  129295 𝑘𝑘2 

Figure 4.10  Spectrum of Received Signal Strength 
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Figure 4.11 Coverage Area 

 

4.7.9. Height (Hm) – 16m 

 The base station is flown at 16m height. 

 

4.7.10. Measurement Procedure 

Measurements are taken at 6 meter intervals starting from 0 meters up to 162 meters.  

TX-RX distance (meters) RSSI (dBm) 

0 -52 

6 -56 

12 -68 

18 -70 

24 -74 

30 -76 

36 -76 

Table 4.5 Distance between Base station and mobile phones vs RSSI 
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42 -75 

48 -77 

54 -78 

60 -78 

66 -79 

72 -80 

78 -82 

84 -82 

90 -84 

96 -86 

102 -87 

108 -89 

114 -88 

120 -88 

126 -89 

132 -90 

138 -94 

144 -95 

150 -97 

156 -98 

162 -100 
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4.7.11. Mathematical Formulation for Coverage Area for Omni Directional Antennas 

 
𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  𝑓𝑓2 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  0.1622 = 0.0682344 𝑘𝑘𝑘𝑘2 = 68234.4 𝑘𝑘2 

 
Figure 4.13 Coverage Area 

 

Figure 4.12  Spectrum of Received Signal Strength 
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4.8. Non-Line-of Sight  

The Highland Garage building in the University of North Texas and a residential area are 

selected for conducting the non-line-of-sight experiment. The highland building and the 

surrounding area is a busy part of the campus. The residential area has buildings close to each 

other as well as a number of trees. 

 

4.8.1. Height (Hm) - 27 meters 

The experiment is conducted in the main campus of University of North Texas during peak 

hours of vehicle traffic.  

 
Figure 4.14 Weather Condition 

 

4.8.2. Measurement Procedure 

Measurements are taken at 6 meter intervals starting from 0 meters up to 90 meters.  

Table 4.6 Distance between Base station and mobile phones vs RSSI 
TX-RX distance (meters) RSSI (dBm) 

0 -63 

6 -68 

12 -71 
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18 -83 

24 -88 

30 -92 

36 -92 

42 -96 

48 -98 

54 -98 

60 -101 

66 -104 

72 -105 

78 -105 

84 -108 

90 -109 
 

4.8.3 Mathematical Formulation for Coverage area 

Figure 4.15  Spectrum of Received Signal Strength 
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The environment is filled with obstacles such as cars, trees, buildings, etc. which directly 

affects the coverage area.  

Omni directional antennas: 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  𝑓𝑓2 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  0.092 = 0.02106  𝑘𝑘𝑘𝑘2 =  21060 𝑘𝑘2 

 

Figure 4.16 Coverage Area 
 

4.8.3. Height (Hm) – 10 meters 

The experiment is conducted in a residential area. 
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Figure 4.17 Weather Condition 
 

4.8.4. Measurement Procedure 

Measurements are taken at 6 meter intervals starting from 0 meters up to 102 meters. 

Table 4.7 Distance between Base station and mobile phones vs RSSI 
TX-RX distance (meters) RSSI (dBm) 

0 -50 

6 -58 

12 -66 

18 -68 

24 -74 

30 -76 

36 -78 

42 -83 

48 -84 

54 -86 

60 -86 

66 -89 

72 -89 

78 -91 

84 -93 

90 -94 
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96 -96 

102 -98 
 

 

4.8.5. Mathematical Formulation for Coverage area 

The area consists of buildings built close to each other, trees as well as cars. 

Omni directional antennas: 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  𝑓𝑓2 

𝐶𝐶𝑛𝑛𝐶𝐶𝑡𝑡𝑓𝑓𝑢𝑢𝑛𝑛𝑡𝑡 𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢 = 2.6 𝑘𝑘𝑘𝑘 ×  0.1022 = 0.0270504𝑘𝑘𝑘𝑘2 = 27050.4 𝑘𝑘2 

Figure 4.18 Spectrum of Received Signal Strength 
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Figure 4.19 Coverage Area 

 

4.9. Evaluation-LOS 

The results of the effect of varying the base station height to received signal strength is 

depicted by the figures below. The received signal strength in dBm with respect to the distance 

between the BS and the mobile phones is measured. The average signal strength values and the 

predicted signal strength values are plotted. As predicted, the measured data follows the 

Walfisch-Ikegami model. 

Furthermore, the curves plotted depict that the measured values are located quite close 

to the adapted Walfisch-Ikegami model.  
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4.9.1. Height (Hm) - 4m 

 

Figure 4.20 RSSI IN dBm vs. distance 
 

4.9.2. Height (Hm) – 12m 

 

Figure 4.21 RSSI in dBm vs. distance 

Distance between BS and MS (m) 

RSSI(dBm) 

Distance between BS and MS (m) 

RSSI(dBm) 
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4.9.3. Height (Hm)-16m 

 

Figure 4.22 RSSI in dBm vs. distance 
 

4.10. Result- LOS 

A GSM model which is suited for the above-mentioned scenarios has been developed for 

both LOS and NLOS condition. The path loss helps in determining the theoretical RSSI and thus 

increasing localization accuracy.  

 

4.10.1. Impact of Antenna Height on RSSI 

The investigation has been completed, and it can be concluded that RSSI is highly 

dependent on the transmit power and antenna height. Taking into account all measurements, 

the plots show that base station height of 12 meters is considered optimal for the current line-

Distance between BS and MS (m) 

RSSI(dBm) 



67 

of-sight environment because the signal strength is stronger and the anomalies are less 

compared to other heights. 

 

4.10.2. Impact of Antenna Height on Coverage 

The coverage is also dependent on the transmit power and antenna height. The chosen 

environment was distanced from obstacles, as a result the coverage area ranges from to 

0.0270504 km2 0.1423656 km2 . 

 

4.11. Evaluation-NLOS 

The results of the effect of varying the base station height to received signal strength is 

depicted by the following figures. The received signal strength in dBm with respect to the 

distance between the BS and the mobile phones is measured. The average signal strength values 

and the predicted signal strength values are plotted. As predicted, the measured data follows the 

Walfisch-Ikegami model. 

Furthermore, the curves plotted depict that the measured values are located quite close 

to the adapted Walfisch-Ikegami model.  

 

4.11.1. Height (Hm) - 27m 

 



68 

 

Figure 4.23 RSSI in dBm vs. distance 
 

4.11.2. Height (Hm) - 10m 

 

Figure 4.24 RSSI in dBm vs. distance 

Distance between BS and MS (m) 

RSSI(dBm) 

RSSI(dBm) 

Distance between BS and MS (m) 
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4.12. Result-NLOS 

Taking into account all measurements, the plots show that base station height of 10 

meters is considered optimal for the current non-line-of-sight environment because the signal 

strength anomalies are less compared to other heights and scenario.  

For non-line-of-sight the chosen environments has obstacles in the form of buildings, 

trees, vehicles, etc. As a result the coverage area ranges from 0.02106 km2  to 0.0270504 km2 . 
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CHAPTER 5 

CONCLUSION 

A major challenge faced in the aftermath of a disaster is the destruction of network 

elements. This makes it difficult to establish communication between first responders and the 

victims which is an important factor when dealing with emergency situations. Current solutions 

do not meet cost or mobility constraints. The answer to such an issue is an inexpensive, 

portable and mobile system that will fulfill the capability gap.  

Aerial base stations are capable of delivering wireless coverage during or after a disaster 

strikes. They are gaining popularity as a key source of communication for rapid deployment in 

areas of search and rescue and relief works. These base stations can be set up even in remote 

areas cut off from the outside world.  

In this research, an SDR GSM base station has been implemented, deployed on a drone 

and evaluated. The base station has been optimized by increasing the transmit power from 4mW 

to 0.1W. Thus, the altitude and received signal strength is also optimized to provide maximum 

radio coverage on the ground. The best fit path loss propagation model is found and adapted to 

carry out the investigation. 

 It is observed that in environments with limited obstacles the base station covers a larger 

area with good quality of service. On the other hand, when the environments are filled with 

obstacles the coverage area decreases along with the quality of service due to interference and 

fading. It Is concluded that coverage is highly influenced by base station transmit power and 

antenna height. For better coverage of the system it is required that the transmit power should 

be high. It can also be concluded that adapted Walfisch-Ikegami model can be used in LOS and 
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NLOS conditions where the height of the base station is within 4-50 meters and there is a 

minimum distance of 0.02km between the BS and mobile phones. 
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