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Abstract 

The work described in this thesis focuses on: 1. designing novel antenna techniques and 2. 

radio propagation and coverage prediction studies in UK, North Macedonia and Greece. Log-

Periodic dipole antennas (LPDAs) are a class of antennas that are widely used for ultra-high 

frequency (UHF) television (TV) reception. Because of the evolution of mobile technologies 

and excellent building penetration properties in the UHF band, parts of this spectrum are being 

allocated to Long-Term Evolution (LTE) frequency bands. The new spectrum allocation gives 

rise to interference problems between these closely spaced frequency bands. Therefore, in order 

to provide good quality-of-service (QoS) to UHF TV users, new reception antennas are 

required with band rejection that could eliminate the interference of LTE-800 MHz band and 

GSM-900 MHz band.  Thus, this thesis proposes a design methodology and prototype of a 

novel LPDA that can provide band rejection in the LTE-800 MHz and GSM-900 MHz bands 

without using any external filters. The proposed antenna provides good matching, high band 

rejection and ensures better QoS compared to other existing antennas in the market. It is a cost-

effective antenna design as it also removes the cost of using external filters. Furthermore, the 

LPDA design was also implemented on printed circuit boards (PCBs) in an attempt to reduce 

the overall size of the antenna. Several miniaturization techniques for reducing the size of 

LPDAs were reviewed and two prototypes for printed log-periodic dipole antenna (PLPDA) 

with wide bandwidth are proposed in this thesis. The first prototype follows the conventional 

PLPDA, designed to operate from 0.7 GHz to 8 GHz. The second prototype is a novel PLPDA 

design with triangular longest dipole that has an operating frequency range from 0.4 GHz to 8 

GHz. Furthermore, two prototypes for elliptical patch antennas are proposed for GPS and 

Iridium applications and Real-Time locating systems. This work also demonstrates an accurate 

simulation-assisted antenna gain determination technique in order to improve the accuracy of 

gain measurements. Lastly, radio propagation and coverage prediction studies were carried out 

using three measurement campaigns whose results were compared to several propagation 

models using simulations. The electric field strength, path profiles and coverage prediction 

were carried out for: 1. Turtel analogue TV transmitter, 2. Emley Moor digital TV transmitter 

and 3. Belmont digital TV transmitter.  
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Chapter 1 Introduction 

1.1 Research background 

In the United Kingdom (UK), Digital Terrestrial Television (DTT) was first introduced on the 

15th of November 1998. The replacement of analogue terrestrial television by DTT in the UK 

is referred to as “Digital Switchover (DSO)”, also known as “analogue switch off”. The UK 

government started an attempt to switch from analogue to digital on the 17th of October 2007 

and their intention was to achieve nationwide digital switchover by the 24th of October 2012 

with the help of an independent body called “Digital UK”. This raised a demand for the 

government to provide subsidised upgrades or replacements of receiving equipment that 

included set-top boxes and receiving antennas. Presently, DTT in the UK, comprises of more 

than hundred TV, radio and other interactive broadcasting services that are being received by 

standard TV units. Since 2013, Freeview is the only DTT service that broadcasts programs in 

the UK.  

DTT uses radio waves that are transmitted using antennas installed on tall transmitting masts 

or towers and are received by the users using receiving antennas that are usually installed on 

household rooftops. The receiving antennas are usually installed outdoors. For the transmitting 

antennas to cover a wider area including the urban as well as rural regions, the placement of 

the transmitting mast is highly strategic. DTT in UK has adopted Digital Video Broadcasting 

Terrestrial (DVB-T/T2) technology to broadcast compressed audio, video and other data in a 

single transport stream with the help of the Orthogonal Frequency-Domain Multiplexing 

(OFDM) modulation technique.   

However, the UHF TV spectrum is very precious because of its favourable building penetration 

properties and thus the mobile communication community demanded to assign a part of this 

spectrum to mobile technologies because of the evolution of 4G, and now the upcoming 5G. 
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Due to this reason, the UK government cleared the 800 MHz band for LTE-4G purpose. In 

addition to this, with the introduction of 5G technology, the UK government intends to clear 

the 700 MHz band for mobile communications. However, clearing these bands and upgrading 

the technology requires careful planning.  

1.1.1 800-MHz clearance 

Since early 2003, the UK was one of the first European countries that recognized the usefulness 

of the UHF TV band because of its excellent building penetration properties. They identified 

the necessity of 14 8-MHz channels to be made available for mobile communication 

applications. Acknowledging this necessity, Ofcom made an announcement to propose plans 

listing the potential benefits and structure for the clearance of the 800-MHz band (790 MHz to 

862 MHz). Finally, in February 2013, Ofcom auctioned the 800 MHz spectrum as well as the 

2.6 GHz band to Vodafone, EE, Telefonica, 3 UK and British Telecom (BT). The 800 MHz 

band can be visualized as shown in Figure 1. 

 

Figure 1. LTE-800 MHz band [1]. 

However, the 800 MHz band clearance was a challenging task and several obstacles were faced 

during the clearance. Some of them are listed as: 

1. Rooftop aerials 

The rooftop aerials had to be upgraded or external filters were required to reject LTE-800 band 

to avoid interference from this spectrum. Therefore, antenna installation for a big population 

during the clearance proved to be expensive. 
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2. Clearing DTT from channels 61 and 62 

The decision to clear the 800-MHz band urged radio engineers to re-plan the frequency 

assignment of TV channels 61 and 62 to some other channels. The frequency planning and 

assignment is an expensive process and the reports by Digital Britain Report [2] suggest that 

the cost of clearance of this band was estimated to be around £115-125 million. 

1.1.2 700-MHz clearance  

Currently, 250 million customers in Europe are viewing television using DTT services. In the 

UK, around 20 million households use DTT services by Freeview. In November 2014, it was 

decided that the clearance of the 800-MHz band would be carried out with a further handover 

to 700-MHz clearance by the year 2020 to meet the increasing demand for mobile data. It is 

suggested that most of the users will just have to retune their TV sets, however, it is estimated 

that around 140,000 to 270,000 homes will be required to replace and realign their receiving 

antenna installed on their rooftops. Ofcom also suggested that few households might even have 

to replace their TV units. Several solutions in market as well as Ofcom suggest that external 

filters will be required to be added at the back of TV or the receiving antenna to avoid 

interference from the newly launched mobile services. This will require the consumers to buy 

antennas as well as filters. However, in this thesis, antenna prototypes are proposed that can 

solve this problem without using external filters, thereby reducing the costs for the consumers. 

The total costs due to the clearance of the 700 MHz band for the UK taxpayers is estimated to 

be around £600 million, whereas for overall Europe it is estimated to be around EUR 4 billion. 

The clearance of the 700 MHz band started in 2017 and Ofcom suggested a rollout plan that 

estimates to clear this band by the end of 2020 throughout the UK [3]. They suggested to carry 

out the clearance in different quartiles from Q1 to Q4. An overview of the rollout plan released 

by Ofcom for the clearance of the 700-MHz band is shown in Figure 2. 

The spectrum showing the previous UHF band and the UHF band after the 700-MHz and the 

800-MHz clearance is shown in Figure 3. 
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Figure 2. Rollout plan released by Ofcom for 700-MHz clearance [3].  
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Figure 3. Spectrum band after 700-MHz clearance [4]. 

The decisions regarding radio spectrum are made at the World Radio Communication 

Conference (WRC) and the upcoming global review of the UHF spectrum is planned for 2023, 

also known as WRC 23. The decisions made on the 700 MHz clearance in WRC are shown as 

a timeline in Figure 4 [4].  

 

Figure 4. WRC timeline for UHF spectrum review [4]. 

 The clearance of the UHF spectrum for the mobile technologies will require the upgrading the 

current broadcasting infrastructure. Thus, there is a need for an in-depth study radio wave 

propagation in all sorts of environment. Radio propagation and coverage prediction using 

propagation models helps radio engineers to design cost-efficient radio systems by strategically 

placing the base systems for communication. Radio planning software like ICS Telecom 

(commercial software), Radio Mobile (freeware) and propagation models designed in Matlab 

are used by Radio Engineers to study radio propagation and coverage prediction. In addition to 

this, NASA SRTM (Shuttle Radar Topography Mission) provides a database of 3D terrain 
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elevation data of all the countries that can be used to obtain accurate simulated results. 

Softwares like ICS Telecom, Radio Mobile and algorithms developed in Matlab provides 

access to classical as well as empirical models for the simulation at Very High frequency (VHF) 

and Ultra-High frequency (UHF) bands for Digital Video Broadcasting (DVB-T and DVB-T2) 

and Digital Radio (DAB) applications.       

1.2 Research motivation 

The 700 MHz and 800 MHz clearance of UHF spectrum and its allocation to mobile 

communications raises the requirement to redesign the currently available antenna designs in 

such a way that they provide rejection characteristics. Log-periodic dipole array (LPDA) 

antennas are mostly used for UHF TV reception. Therefore, there is a need to investigate the 

LPDAs and further optimize them so that they can be used after the 700 MHz and 800 MHz 

clearance. Furthermore, since the LPDAs are also utilised for gain measurement and 

Electromagnetic Compatibility (EMC) measurement applications, it is necessary to reduce the 

size of the LPDA by printing them on a substrate with specific dielectric permittivity. 

Investigation of printed LPDA (PLPDA) and side-reduction or miniaturization techniques is 

required to present novel antenna design with wide frequency response. Because of the 

clearance, the modifications are required not only at the receiving end but also at the 

transmitting end. This includes appropriate radio planning of the broadcasting system in such 

a way that the transmitting stations provides optimal coverage. To achieve optimal coverage 

from the stations, it is necessary to perform radio propagation and coverage prediction studies 

using several propagation models so that an appropriate coverage model can be estimated.    

1.3 Research objectives 

The objectives of this research are: 

1. Develop design methodologies for LPDA design and optimisation in CST Studio Suite. 
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2. Design cost-efficient LPDAs to solve the interference problems caused due to the co-

existence of UHF DTV band with LTE-800 MHz and GSM-900 MHz bands that 

provides high-rejection without using any external filters. 

3.  To design PLPDAs with wide bandwidth capable of operating from 0.4 GHz to 8 GHz. 

4. To develop a simulation-assisted technique for accurate antenna gain measurements. 

5. Design patch antennas for GPS, Iridium and real time location system applications. 

6.  To perform radio propagation and coverage prediction and measurement studies. 

1.4 Thesis outline 

Chapter 1 presents a brief introduction to antenna simulation and measurement as well as radio 

propagation and coverage prediction studies. It also highlights the primary objectives of this 

research.  

In chapter 2, a background of design and optimisation methodology for log-periodic antennas 

is discussed. It also introduces the time domain and frequency domain simulations in CST 

Studio Suite electromagnetic simulation software. Furthermore, it provides a comparison of 

optimization algorithms available in CST, which were applied on a conventional 10-dipole 

LPDA with an operating frequency range between 450 MHz to 900 MHz. 

Chapter 3 provides two cost-efficient LPDA designs capable of rejecting the LTE-800 MHz 

and GSM-900 MHz band without using any external filters. The first design consists of 10-

dipoles and the second design consists of 14-dipoles. The front five dipoles were optimized to 

create a distinguished anomaly compared to the conventional LPDA design to provide the 

band-rejection characteristics in the higher frequency band.  Both antenna designs contribute 

towards providing a solution to solve interference problems caused due to the co-existence of 

the UHF DTV band with the LTE-800 MHz band and the GSM-900 MHz band. 

Chapter 4 demonstrates a methodology to design PLPDAs for Electromagnetic Compatibility 

(EMC) applications. This antenna operates from 0.8 GHz to 2.6 GHz and provides a gain of 

above 4.5 dBi.   



32 Introduction 

 

Chapter 5 discusses several miniaturization techniques to reduce the size of conventional 

PLPDAs as well as increase their operating bandwidth. This chapter also present two wideband 

prototypes. The first design is a 25-dipole PLPDA that has an operating frequency range from 

0.7 GHz to 8GHz. The second prototype is an optimised version of the first design to provide 

an operating frequency range from 0.4 GHz to 8 GHz. The optimised prototype consisted of a 

triangular shaped 25th dipole instead of a straight dipole. The optimization of the last three 

dipole lengths, last four spacings between the dipoles and thickness of the last four dipoles 

were the parameters used to optimise the antenna.  

In Chapter 6, a simulation-assisted gain determination technique is proposed using the two-

antenna method. The measurement setup of the two-antenna method is replicated in the 

simulation software to determine the appropriate separation distance between identical 

antennas that can be used for the actual measurements so that an accurate gain estimation of 

the antenna can be obtained. A 10 dipole LPDA LTE-reject antenna is used to test the gain 

determination technique in collaboration with NPL. 

Chapter 7 provides a methodology to design a dual-band elliptical patch antenna for GPS and 

Iridium applications. The antenna proposed in this chapter provides circular polarization and a 

gain of above 5 dBi in its operating frequency range. The measurements for this antenna were 

performed in an anechoic chamber at the National Physical Laboratory (NPL). The 

optimisation of the antenna is performed using the Parallel Surrogate Model Assisted 

Differential Evolution for Antenna Synthesis (PSADEA) algorithm. 

Chapter 8 provides a design of another elliptical patch antenna that operates from 3.7 GHz to 

4.2 GHz. This antenna is used for an ultra-wideband (UWB) system for localisation 

applications. The antenna was successful in improving the localisation range of the system 

from 75 meters to 250 meters. This antenna provides a boresight gain of above 5 dBi. 

Chapter 9 discusses radio propagation and coverage prediction studies. Radio propagation 

terminology is initially explained. The data from three measurement campaigns for the electric 

field strength and coverage prediction is compared with simulations performed using different 

propagation models in three different softwares: ICS Telecom, Radio Mobile and Matlab.      
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Chapter 10 discusses the conclusions drawn as well as the future works that can be carried out 

starting from this research work.   

  



 

Chapter 2 Introduction to Log-Periodic Dipole 

Antennas 

Log-periodic dipole antennas (LPDAs) are a unique class of antennas that are widely used for 

wideband applications because of its ability provide flat gain over a wide frequency range. 

They are popularly used for TV reception, spectrum monitoring and Electromagnetic 

Compatibility measurements (EMC). This chapter provides LPDA design methodology and 

proposes a UHF TV-reception LPDA antenna that operates from 470 MHz to 860 MHz. The 

antenna is first simulated in time-domain as well as frequency domain to ensure that the antenna 

is modelled accurately using the design methodology. The antenna was fabricated, and a 

comparison of simulated and measured results are also presented in this work. A good 

agreement between the practically measured realized gain and the simulated realized gain is 

observed. Further to this, an optimization of this antenna was performed using various 

algorithms provided in CST Studio Suite in order to improve voltage standing wave ratio 

(VSWR), realized gain and front-to-back ratio of the antenna. A comparison of optimizing the 

antenna using various algorithms such as Trusted Region Framework (TRF), Nelder Mead 

Simplex algorithm, Classic Powell and Covariance Matrix Adaptation Evolutionary Strategy 

(CMA-ES) is also presented in this chapter. The TRF algorithm performed best and optimized 

as per the pre-defined goals specified for the antenna. A significant part of this chapter has 

already been published in a conference [62] and a journal [63].   

2.1 Introduction 

LPDAs are popularly used for TV reception and EMC measurements because of its wideband 

characteristics and ability to provide almost flat gain over its operating frequency range [5]. 

Increasing the number of dipoles in LPDA can provide a higher gain [6]. Compared to Yagi-

Uda antenna, LPDA is highly directional and provide better front-to-back ratio, but relatively 
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lower gain [7]. However, the operating bandwidth of LPDA is larger compared to the Yagi-

Uda antenna array. The design of an LPDA is very similar to the Yagi-Uda antenna, however 

the feeding pattern of both the antennas differentiate them from each other. In Yagi-Uda 

antenna only one dipole is connected to the feeding source leaving other dipoles passive, 

whereas in LPDA, all the dipoles are connected to the feeding source [8]. A design procedure 

for LPDA is proposed by Carrel in [9, 10]. 

The LPDA consists of several dipoles, that are arranged in an increasing order of dipole lengths, 

connected to a conducting boom. When the dipole length “L” is equal to half-wavelength 

“(λ/2)”, the resonance condition for that dipole is achieved. Thus, each dipole attains the 

resonance condition for certain frequencies. The dipoles with larger or small lengths than λ/2 

will act as reflectors or directors respectively for the dipole in resonating state. The wideband 

characteristics of an LPDA is obtained due to several dipoles with different lengths [8]. 

A basic geometry of an LPDA is shown in Figure 5. The dipoles of an LPDA are arranged in 

a parallel sequence in such a way that the end of the dipoles lies within the same angle 2α from 

the front part of the antenna. The angle of intersection can be defined in [11] as : 
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where, nL and nd  are respectively the length and the diameter of the nth dipole, while ns  is the 

spacing between the nth dipole and its consecutive (n+1)th dipole. 
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Figure 5. Log. Periodic dipole array geometry. 

The dipoles are connected to the feeding line in such a way that the consecutive dipoles have 

opposite phase [12].  In order to reduce the fabrication costs, the LPDAs often have dipoles 

with constant diameter [13]. Carrel’s graph is used to select the values of τ and σ according to 

the predefined average directivity required for the antenna [9, 14, 15]. 

2.2 Time domain and frequency domain simulation 

Researchers often find selecting a type of solver for the simulation, a challenging task. There 

is no best suited solver for all types of applications, therefore the selection of solvers totally 

depends on type and size of antenna to be simulated. The time domain solver in the CST 

Microwave Studio (MWS) is based on the finite integration technique (FIT) describing 

Maxwell’s equations on a time-grid space whereas the frequency domain solver is based on the 

finite element method (FEM). The calculations involving antennas with wide frequency range, 
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mostly find time domain method suitable, as the frequency response is calculated using Fast 

Fourier Transform (FFT) after a single simulation run.  Another advantage of using time 

domain method is that the spectrum calculations can be performed using fine frequency 

resolution without any additional effort. Due to this reason, the time domain solver is mostly 

used for simulations that involve electrically large structures. The simulation time is longer if 

the number of mesh cells are larger. In CST, time domain solver uses either the hexahedral or 

the hexahedral TLM (Transmission-Line Matrix) meshing technique for simulation. The time 

domain simulation analysis is performed on a port-by-port basis.  

On the other hand, in frequency domain method, discrete simulations are performed at discrete 

frequencies separated from each other by a specified frequency step to cover the entire 

operating bandwidth. Due to this reason, for such a simulation method, adaptive mesh 

refinement is required at every frequency to obtain accurate results. The frequency domain 

simulation stops as soon as the return loss converge. Nevertheless, a single simulation can 

provide results for all the ports in a single calculation. Thus, the frequency domain solver is 

used for narrowband simulations that involves electrically small structures. Frequency domain 

solver in CST, uses either the hexahedral or tetrahedral meshing technique  [16]. 

2.3 LPDA measurements and simulations 

A 10-dipole LPDA is presented in this work that can operate in former analogue TV band from 

470 MHz to 860 MHz. The fabricated antenna was measured using Rohde & Schwarz FSH8 

portable spectrum analyzer in an open field condition. The gain measurements for this antenna 

was performed with the help of biconical dipole antennas using the reference antenna method. 

The simulation of this antenna was performed in CST Studio Suite 2016 and the comparison 

of the simulated and measured results are presented in this chapter. The results presented in 

this includes the VSWR, realized gain and front-to-back ratio of the antenna. 

 The realized gain of the antenna is defined as the difference between gain and mismatch loss 

of the antenna. The expressions for realized gain and mismatch loss are given below [8]: 
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Followed by the comparison of simulated and measured results of the initial LPDA design, an 

optimization was performed in CST using several algorithms like TRF, Nelder Mead Simplex 

algorithm, Classic Powell and Covariance Matrix Adaptation Evolutionary Strategy (CMA-

ES) in order to improve the antenna performance. 

                      

Figure 6. Fabricated LPDA (left) and simulated model of LPDA (right). 

In Figure 6, the fabricated LPDA (left) and the CST model of the LPDA (right) is presented. 

The antenna comprises of a short-circuited stub at the rear-end. The antenna comprised of 

564,435 mesh cells that were obtained by discretization of the model using hexahedral meshing 

technique. The feeding to the antenna was provided using a discrete port of 50Ω impedance 

connecting the front part of both the booms. The 50 Ω impedance port is used for discrete port 

in the simulation because the coax cables and power amplifiers are mostly designed with 50Ω 

impedance and usually the feeding to the antenna is provided using the coax cables. The time-

domain and frequency-domain simulations were performed for this antenna. Figures 7, 8 and 
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10 show respectively the comparative results of VSWR, realized gain and front-to-back ratio. 

The time domain and frequency domain results are in good agreement, as expected. Figure 7 

shows that the VSWR of the antenna is below 2 for most of its frequency range. The lower 

VSWR values below 2 shows that antenna is well matched and will have lower radiation losses. 

However, the VSWR values are relatively slightly high from 650 MHz to 750 MHz and thus 

further improvement is required in this range. This graph also shows a good agreement between 

the time-domain and frequency domain simulation of the antenna. 

 

Figure 7. Comparison between VSWR values derived from simulations in time and frequency domain. 

 

Figure 8. Comparison between realized gain values derived from simulations in the time and the frequency 

domain and open-field measurements (green line). 
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Figure 8 shows that the measured realized gain is very close to both the simulated realized gain. 

The antenna provides a gain of around 7 dBi in its operating frequency range. The realized gain 

presented in this figure is reasonably flat with the values mostly ranging between 6.5 to 7.5 

dBi. The antenna with such values of realized gain are suitable to be used for UHF TV reception 

applications. The difference between the measured and simulated realized gain (time domain) 

is show in Figure 9. The maximum difference is obtained from 570 MHz to 700 MHz and thus 

an improvement in this frequency region is required. A minimal difference is observed for the 

realized gain from 470 MHz to 570 MHz and 700 MHz to 890 MHz. Thus, it is evident to 

conclude that the simulation results and measurement results are in good agreement.  

 

Figure 9. Difference of simulated realized gain (time domain) and measured realized gain versus frequency. 

 

Figure 10. Comparison between front-to-back ratio values (dB) derived from simulations in time and frequency 

domain. 
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Figure 10 presents the comparison of the simulated and measured front-to-back ratio of the 

antenna. It validates the highly directional behaviour of this LPDA. The simulated and the 

measured front-to-back ratio also show good agreement between the measurement and 

simulation.  

Followed by the preliminary check of the antenna model, the time domain and frequency 

domain provide enough confidence to validate the modelling accuracy of the antenna. The 

measured and simulated results suggest that the CST model approximates with good accuracy 

the actual antenna. Optimization of this antenna is then performed using various optimization 

algorithms included in CST MWS. 

2.4 LPDA   optimization 

CST comprises of global optimizers as well as local optimizers. However, the search capability 

is larger in global optimizers compared to local optimizers. Trusted Region Framework (TRF), 

Nelder Mead Simplex algorithm and Classic Powell algorithm are examples of local 

optimizers. On the other hand, CMA-ES is an example of a global optimizer.  

TRF algorithm creates a linear model on the basis of the initial data recorded from a trust region 

around a starting point. This new model then acts as a new starting point until the point of 

convergence of an accurate model is obtained. TRF algorithm is suggested as one of the most 

robust algorithm offered by CST. TRF algorithm provides global convergence and predicts 

improves fitness function values obtained by adjusting the limits. [17]. In 1965, Nelder Mead 

Simplex algorithm was introduced by Nelder and Mead. This is an improved version of the 

Simplex search algorithm that was proposed in 1962 by Spendley, Hext and Himsworth [18]. 

In this algorithm, multiple points are distributed across the parameter search space in order to 

determine the optimum value. This algorithm is mostly used as a solution for complex problems 

that involves relatively few parameters. Classic Powell algorithm is considered to be a simple 

and robust optimizer, which can be used for a problem involving few parameters. The time of 

termination of the optimization process is decided by the accuracy requirement set before the 

start of the process. Compared to other algorithms, it is relatively a slower algorithm. However, 

it provides accurate results in some cases. CMA-ES is a self-adaptive evolution strategy and a 



42 Introduction to Log-Periodic Dipole Antennas 

 

global optimizer, which was developed by Hansen and Ostermeier [19]. CMA-ES initializes 

strategy parameters like the number of variables, population size and their bounds in a well-

defined fashion and thus does not require parameter tuning by the user [19, 20]. This algorithm 

is based on the evolution of a population of individuals. A comparison of CMA-ES with 

particle swarm optimization (PSO) is presented in [21]. CMA-ES solves a problem by 

generating a population of individuals using a Gaussian distribution [20, 22]. 

In order to optimize the LPDA to goals set in Table 1, optimization algorithms including TRF 

algorithm, Nelder Mead simplex algorithm, Classic Powell and CMA-ES are used. The half-

dipole lengths (Ln /2), radius of the dipoles (rad), gap between the boom (gap), length of the 

boom (l_boom), width of the boom (b_boom), height of the boom (h_boom), length of the 

connector (l_connector) and spacing between the dipoles (sn) are the geometry parameters to 

be considered while performing optimization. 

Table 1. Goals and weights for the antenna optimization. 

Parameter Operator Goal value Weight 

VSWR < 1.5 10 

Gain (dBi) > 8 0.5 

Front-to-back ratio (dB) > 20 0.2 

 

The fitness function is defined using the linear combination of the optimization goals according 

to the weights assigned to each goal as specified in Table 1. The optimization algorithms aim 

at minimizing the value of this fitness function. The global minimum of the fitness function is 

achieved after selecting appropriate values of the geometric parameters considered for 

optimization. Figures 11, 12 and 13 presents the optimized results of VSWR, realized gain and 

front-to-back ratio of the optimized antenna. The optimized results are compared with the 

simulated results of the initial antenna model. 
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Figure 11. Comparison between optimized and initial VSWR values. 

Figure 11 suggests that TRF algorithm was the best performer, followed by the Nelder Mead 

Simplex algorithm, to minimize the VSWR of the initial antenna. The TRF algorithm achieved 

VSWR of around 1.5 in the entire operating frequency range. On the other hand, other 

algorithms obtained VSWR values that oscillated between 1.5 to 2. The plot suggest that CMA-

ES exhibited the highest VSWR compared to other algorithms and thus presented poorest 

performance. 

 

Figure 12. Comparison between the optimized and the initial realized gain. 
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Even in Figure 12 , the TRF algorithm performed best by achieving a flat gain of approximately 

7.8 dBi. Other algorithms also improved the realized gain of the initial antenna by achieving 

the gain between 7 dBi and 7.8 dBi above 550 MHz. A significant increase of 1 dB is observed 

in realized gain of the initial antenna using TRF algorithm from 670 MHz to 750 MHz. Similar 

to the case of VSWR, CMA-ES presented poorest performance by providing lowest realized 

gain compared to other algorithms.   

 

Figure 13. Comparison between optimized and initial front-to-back ratio. 

Figure 13 suggests that CMA-ES was the best performer and maximized the front-to-back ratio 

above 20 dB. The Nelder Mead Simplex algorithm and TRF algorithm also presented 

promising results in optimizing the front-to-back ratio of the antenna. The optimal dimensions 

obtained using various algorithms and the initial dimensions of the antenna are compared and 

listed in Table 2. The optimization algorithms have been configured to change the antenna 

dimensions only by ±10% from their initial values. The numbers inside the brackets (in Table 

2) show the changes relative to the initial antenna dimensions. 
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Table 2. LPDA geometry before and after optimization (dimensions in cm). 

2.5 Conclusion 

This chapter presents an accurate CST modelling and simulation of a 10-dipole LPDA in time 

domain and frequency domain. A comparison of the measured and simulated results of this 

LPDA validates the accurate modelling of this antenna. In order to improve the performance 

of this antenna, an optimization was performed using several algorithms included in CST. A 

comparative study on the results obtained using these algorithms was also carried out in this 

work. TRF algorithm demonstrated the fastest convergence and provided the best optimized 

results with lowest fitness function value compared to other algorithms. Log-periodic antennas 

Parameters Initial TRF Nelder Mead Classic Powell CMA-ES 

b_boom 1.30 1.42  1.41  1.30  1.30  

h_boom 1.30 1.43  1.40  1.43  1.24  

l_boom 30.60 32.58  32.25  29.30  30.10  

gap 1.10 0.99  1.02  1.03  1.06  

l_connector 8.00 8.56  8.26  8.30 8.11  

L1 9.80 10.76  10.78  10.74  9.90 

L2 11.00 12.1  12.06  12.04 11.46  

L3 12.40 11.84  12.22  12.40  12.12 

L4 14.00 13.72 13.94  13.96 13.22 

L5 16.00 15.82  15.80 16.00 15.46 

L6 18.00 17.76 17.84  17.96  17.78 

L7 20.60 19.82 19.88  20.58  20.5  

L8 23.20 22.46 22.68  23.16  23.20  

L9 26.40 25.76 26.16  26.34  26.70  

L10 29.80 31.30 32.54 29.92 31.24  

rad 0.20 0.22 0.21 0.22  0.19  

s0 3.00 2.72 2.71  2.70  2.84  

s1 1.60 1.45 1.55  1.44  1.53  

s2 1.80 1.77 1.91 1.68  1.82  

s3 2.00 2.05 2.05 1.91  2.05  

s4 2.20 2.41 2.37  2.41  2.23  

s5 2.60 2.49 2.34  2.58  2.69  

s6 2.80 2.82 2.72  2.52  2.82  

s7 3.40 3.10 3.06  3.07  3.51  

s8 3.70 3.68 3.81  3.99  3.69  

s9 4.20 4.00 3.78  4.48  4.20 
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are generally used for UHF TV reception. A frequency range from 470 MHz to 900 MHz was 

allocated for UHF TV applications. However, due to the clearance of 800 MHz band for LTE 

mobile communications, the present UHF TV reception antennas need to be re-designed in 

order to provide a high-rejection in the LTE-800 MHz band. Thus, the next chapter presents a 

novel antenna design technique that is used to design antennas with LTE-800 MHz band 

rejection capabilities. 



 

Chapter 3 LPDA design with LTE-800 and GSM-

900 band rejection 

3.1 Introduction 

The decision to move from analog to digital broadcasting television systems in 2008 has led to 

a more efficient utilization of the frequency spectrum that in turn, benefited mobile 

communication frequency allocations. Followed by this transition, and in order to ensure the 

efficient use of spectrum, the European Parliament [23] urged European Member States to 

reallocate some TV broadcasting services in the UHF band to mobile communications. 

Reference [24] advocates the benefits of allocating a so-called digital dividend band of 790 

MHz-862 MHz to LTE-4G mobile wireless broadband services by the European Commission, 

based on a research analysis of the cost/benefit ratio. As described in [25], the harmonized plan 

to deploy Long-Term Evolution (LTE), also known as fourth generation (4G) mobile 

broadband network, to the UHF TV broadcasting band of 800 MHz was adopted in Europe 

(ITU region 1) to effectively utilize the spectrum for mobile services because of the excellent 

radio wave building penetration capabilities at these frequencies. The adopted LTE-band plan 

suggested a paired spectrum or frequency division duplex (FDD) of 30 MHz for uplink and 30 

MHz for downlink transmission in the spectrum of 790 MHz-862 MHz (channels 61-69). The 

spectrum for uplink and downlink transmission is made up of 6 blocks of 5 MHz bandwidth in 

the frequency band of 791 MHz-821 MHz and 832 MHz-862 MHz respectively with a duplex 

gap of 11 MHz. The broadcasting of Digital Terrestrial Television (DTT) is carried until 790 

MHz, leaving a gap of only 1 MHz between the DTT and the LTE 800 MHz band, which makes 

them both subject to interference effects. Reference [26] provides a detailed study of the 

interference effects caused due to the coexistence of TV broadcasting services with LTE mobile 

systems in the 800 MHz band, resulting in degrading the quality of service (QoS) of the TV 
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broadcasting services. Thereafter, a worldwide resolution [27] on the allocation of the 700 MHz 

band between 694 MHz and 790 MHz (channels 52-69) was passed in WRC-12 (World 

Radiocommunication Conference) [28] and the provisions to use this band in Region 1 were 

made in WRC-15 [29]. A detailed research on the interference problems due to the coexistence 

of TV broadcasting services with LTE mobile systems in the 700 MHz band has been illustrated 

in [30].   

This chapter presents two LPDA antenna design, one with 10-dipoles and another with 14-

dipoles. The number of dipoles to be used for the design depends on the gain requirement and 

frequency range of operation. For UHF TV reception purpose, antennas are required to operate 

from 470 MHz to 790 MHz and usually requires more than 6 dBi realized gain to receive TV 

signals. Due to this reason, 10-dipole antenna was designed first. Thereafter, a 14-dipole LPDA 

was also designed in order to achieve higher gain. The results for the 10-dipole LPDA 

proposed in this chapter is published in [34] and additional results were reproduced from 

this paper. 

3.2 10-dipole LPDA design 

This study presents a novel design of a 10-dipole log-periodic dipole antenna capable of 

rejecting 4G-LTE mobile service 800 MHz band as well as GSM 900 MHz band. The proposed 

antenna provides a cost-efficient solution to solve interference problems caused due to the 

coexistence of TV broadcasting services and LTE mobile services, without using any external 

band stop filters. The antenna design presented in this chapter operates in the frequency range 

of 450 MHz – 790 MHz (UHF TV reception passband), thereby rejecting the LTE 800 MHz 

band as well as the GSM 900 MHz band.  The proposed design provides good matching for the 

antenna in the passband. The antenna has a relatively high gain around 8 dBi in the passband 

which drops to -5 dBi in the stopband. Furthermore, the antenna is highly directive throughout 

the passband. 
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3.2.1 Traditional Carrel’s 10-dipole LPDA 

Log-periodic dipole arrays (LPDAs) are considered as one of the most suitable antennas for 

TV reception because of their exceptional broadband characteristics [5]. Compared to Yagi-

Uda antennas, which are also used for TV reception, LPDAs provide flatter gain over the wide 

operating bandwidth, and thereby show the potential to become a better solution for this 

application [7, 8]. Additionally, LPDAs provides better front-to-back ratio but relatively lower 

gain compared to Yagi-Uda antennas. The difference in the performance between these two 

antennas is partly due to the feeding pattern [10]. A very useful design procedure for traditional 

LPDAs was proposed by Carrel [9] and a basic geometry of LPDA based on these guidelines 

is shown in Figure 14. 

 

 

Figure 14. Basic geometry of a traditional LPDA proposed by Carrel [9]. 

A traditional LPDA consists of two conducting longitudinal supports, also known as “booms”, 

which are responsible for feeding the half-dipole elements of the antenna. The two booms are 
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separated by each other using a fastener at the rear end of the antenna, which also acts as a 

short-circuiting stub. The separation between the two booms may vary depending on the type 

of matching to be obtained. In most of the cases, the antenna is matched to 50-ohms or 75-

ohms impedance. Each conducting boom feeds the alternate half-dipoles of the antenna, in a 

crisscross fashion. In other words, if the first half-dipole is connected to the boom 1 (upper-

boom), then the other half-dipole should be connected to boom 2 (lower-boom). These two 

half-dipoles together form a dipole. This configuration provides a 180-degree change of phase 

of the feeding between two consecutive dipoles. The change of phase ensures that the radiation 

pattern of the antenna points in the forward direction, thereby providing directional 

characteristics [31]. Unlike the Yagi-Uda antennas, the arrangement of dipoles is made in such 

a manner that all the dipoles are in contact with the conducting boom, thereby making all the 

dipoles active. Each dipole of the LPDA resonates at a particular frequency. The number of 

dipoles used in the antenna has a significant impact on its gain. The gain significantly increases 

by incrementing the number of dipoles used [6, 15, 32]. ]. In most cases, the feeding to the 

boom is provided using a coaxial cable through the front end of the antenna in order to avoid 

pattern distortion. A fastener is attached at the rear part of the antenna, acting as a short circuit 

stub as well as a point of support for the antenna, as shown in Figure16. 

Design guidelines proposed by Carrel [9] consist of specific design equations that need to be 

followed in order to calculate the dimensions of the antenna. All the dipole elements of the 

LPDA are confined to the half-angular sector, also known as apex angle, which is 

mathematically defined as: 
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The scaling factor  is the ratio of the lengths or diameters of two consecutive dipoles, 

mathematically written as: 
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where, nL  and nd  are respectively the length and the diameter of the nth dipole.                                                                      

The spatial arrangement of the dipole elements is defined by the spacing factor, mathematically 

represented as: 

2

n

n

s

L
 =  

(8) 

where ns  is the spacing between the nth dipole and its consecutive (n+1)th dipole and nL
is the 

length of nth dipole. 

The scaling factor and spacing factor of the LPDA play a significant role in determining its 

physical properties. 

3.2.2 Proposed 10-dipole LPDA geometry 

This chapter presents a design of a 10-dipole log-periodic antenna capable of rejecting the LTE 

mobile services band, thereby mitigating the interference problems caused due to its 

coexistence with TV broadcasting services. Initially, the dimensions of the antenna were 

calculated using the basic design procedure proposed by Carrel [9]. Recently and in order to 

mitigate problems of interference caused due to the coexistence of the LTE 800 MHz band 

with the traditional UHF-TV band used by most TV tuners, various TV reception antennas 

have been designed, which can operate in the new TV band of 470 MHz -790 MHz while 

rejecting the 800 MHz band with the inclusion of external band stop filters. An optimal design 

of LPDA has been proposed in [33], which was obtained after optimizing Carrel’s model using 

Particle Swarm Optimization with Velocity Mutation algorithm (PSOvm). The model provides 

rejection in the 800 MHz band, however, the relatively low VSWR of the antenna in the LTE-

band still leaves the possibility of receiving interference from other angles. This 

unconventional design of the LPDA was optimized by using a much longer than usual first 

dipole. On the contrary, an optimized 10-dipole log-periodic dipole antenna has been proposed 

in [12], which provides good band stop characteristics above 790 MHz, without using external 

filters, in addition, to avoiding intereference from LTE-band from all the angles. This initial 
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design suggested that in order to achieve LTE rejection characteristics in the higher frequency 

band of the bandwidth, the dimensions of the shorter dipoles could be adjusted. 

Motivated by the initially optimized design proposed in [12], this chapter presents an optimized 

version of this LPDA [34], by optimizing the first three dipoles of the LPDA and the spacing 

between them only, instead of considering all the dipoles of the antenna. The antenna proposed 

in this chapter achieves better matching, better LTE rejection and a higher realized gain 

compared to the antenna design in [12]. Additionally, it also provides better return loss, better 

directivity and higher and flatter realized gain than Carrel’s model. The optimization of the 

antenna dimensions was performed with the Trusted Region Framework (TRF) algorithm 

available in CST using the optimization goals specified in Table 3. The parameters that were 

used to optimize the initial design are shown in Table 4, along with the range of the dimension 

values that were specified to vary during the optimization. However, several other optimization 

algorihms can be used to optimize the antenna performance and geometry, such as Invasive 

Weed Optimization (IWO) in [35-39], Particle Swarm optimization (PSO) in [40-42], Adative 

Dispersion IWO (ADIWO) in [43] and Particle Swarm Optimization with Velocity Mutation 

(PSOvm) in [44]. 

Table 3. Optimization goals and specifications. 

Parameters Goals Frequency (MHz) Weight 

S11 < -14 dB 470-790 (Passband) 10.0 

Realized gain > 10 dBi 470-790 (Passband) 1.0 

Front-to-back ratio > 14 dB 470-790 (Passband) 0.2 

S11 > -1 dB 810-960 (Stopband) 5.0 

Realized gain > -10 dBi 810-960 (Stopband) 1.0 

 

The adjustment to the length of the first three dipoles has been made because of the fact that 

the shorter dipoles are responsible for the  antenna performance at higher frequencies. The 

parameters that were considered for optimization included the first three dipole lengths (L1, 

L2 and L3) and the spacing between these dipoles (s0, s1, s2 and s3). These parameters were 

restricted to change by ± 30 %, while configuring the settings for TRF algorithm before the 

optimization. Table 4 shows the minimum and maximum values of the parameters that were 

considered for the optimization. 
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Table 4. Range of parameters considered for optimization. 

Parameters Minimum Maximum 

L1 48.3 mm 89.7 mm 

L2 39.1 mm 72.67 mm 

L3 44.2 mm 82.0 mm 

s0 19.6 mm 36.4 mm 

s1 10.7 mm 19.9 mm 

s2 13.0 mm 24.2 mm 

s3 15.4 mm 28.6 mm 

 

The arrangement of shorter dipoles has been made in such a manner that the length of the 2nd 

dipole is smaller than the 1st dipole but bigger than the 3rd dipole. However, the 3rd dipole is 

shorter than the 2nd and 4th dipoles. The dipole lengths after the 4th dipole keep increasing in 

the classic design fashion until the last dipole. The designed antenna has the following 

dimensions: 356 mm x 302.6 mm x 35 mm (length x width x height). Both conducting booms 

are attached together using a cuboidal fastener acting as a short circuit stub and providing a 

point of attachment to any other support. The cuboidal fastener extends 45 mm long, 15 mm 

wide and 35 mm high. The front view and side view of the CST designed model of the antenna 

is shown in Figure 15 and Figure 16 respectively. The final dimensions of the antenna after the 

optimization are shown in Table 5. 

Table 5. Dimensions of the optimized LPDA 

Carrel’s antenna model Proposed design 

Parameters Values Parameter Values 

L1 49 mm L1 72.7 mm 

L2 55 mm L2 64.2 mm 

L3 62 mm L3 56.0 mm 

L4 69 mm L4 60.7 mm 

L5 80 mm L5 78.6 mm 

L6 89 mm L6 90.1 mm 

L7 102 mm L7 101.8 mm 

L8 114 mm L8 117.7 mm 

L9 130 mm L9 133.5 mm 

L10 149 mm L10 151.3 mm 

L-boom 380 mm L-boom 356 mm 

H-boom 15 mm H-boom 15 mm 
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W-boom 15 mm W-boom 15 mm 

Dipole radius 2 mm Dipole radius 2 mm 

Stub_width 15 mm Stub_width 15 mm 

s0 25 mm s0 24.1 mm 

s1 16 mm s1 11.4 mm 

s2 17 mm s2 14.9 mm 

s3 20 mm s3 17.9 mm 

s4 23 mm s4 25.3 mm 

s5 26 mm s5 27.3 mm 

s6 28 mm s6 27 mm 

s7 33 mm s7 36.3 mm 

s8 37 mm s8 40.4 mm 

s9 40 mm s9 40.6 mm 

gap 10 mm gap 5 mm 

Stub_length 79 mm Stub_length 45 mm 

Stub_height 38 mm Stub_height 35 mm 

 

The CAD model is designed in CST using several parameters, where, Ln is length of the nth 

dipole, sn is  distance between the nth and (n+1)th dipole, L-boom is length of the boom, W-

boom is width of the boom, H-boom is heigth of the boom, gap is the distance between the two 

parallel booms. The dimensions of the cuboidal fastener, that connects the end of the boom, 

acting as a short-circuiting stub, are represented by Stub_length, Stub_width and Stub_height 

in Table 5. The antenna designed using Carrel’s method was matched to 75 ohm impedance. 

However, the gap between the booms in the optimized antenna design has been reduced to 

5mm from 10mm to provide 50 ohm impedance. 

                           

Figure 15. Front view of Carrel's model (left) and the proposed 10-dipole LPDA (right) in the CST. 
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Figure 16. Side view of the proposed 10-dipole LPDA (right) in the CST. 

 

The proposed LDPA design was then fabricated using aluminum, by making sure that it 

followed the exact dimensions of the design obtained from the optimized CST model, as shown 

in Figure 17. 

 

Figure 17. Fabricated optimized LPDA design. 

3.2.3 LPDA simulations and measurements 

Finite-difference time-domain (FDTD) variants are commonly used in the solution of 

Maxwell’s equations [45, 46]. Here, a Finite Integration Technique (FIT) simulation of this 

design is performed in CST electromagnetic simulation software with an accuracy of -50 dB 
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using a hexahedral meshing consisting of 4,668,482 mesh cells. Open boundary conditions 

were set for the proposed design having a 10-4 estimated reflection level. The feeding to the 

conducting boom was provided by an excitation port with a 50 Ω impedance attached at the 

front end of the antenna, connecting the two center points of the booms. Farfield monitors were 

setup with a resolution of 10 MHz starting from 450 MHz to 1000 MHz. All the measurements 

presented in this chapter were performed in anechoic chambers at the National Physical 

Laboratory (NPL), Teddington, UK. 

The simulated surface current density of the optimized LPDA design at four different 

frequencies: (a) 470 MHz, (b) 650 MHz, (c) 790 MHz and (d) 1000 MHz are shown in        

Figure 18. These four frequency points were selected in order to analyse the behaviour of the 

LPDA at three frequency points in its operating bandwidth (470 MHz – 790 MHz) and at a 

frequency point in the rejection band (800 MHz – 1000 MHz). 

      

    (a)    (b) 

       

     (c)      (d) 
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Figure 18. Simulated surface current density of the optimized LPDA at (a) 470 MHz, (b) 640 MHz, (c) 790 

MHz and (d) 1000 MHz. 

Figure 18 (a)-(d) provide a good evidence of the fact that different dipoles of LPDA provides 

resonance at different frequencies. In Figure 18 (a), the maximum current density of the LPDA 

is at the longest dipole as it is responsible for the resonance at the lowest frequency of the 

bandwidth. Similarly, maximum current density of the LPDA is at the 7th dipole in the case of 

650 MHz as it is approximately at the center of the bandwidth. However, in Figure 18 (c), the 

current density is higher at the 2nd and 6th dipole of the LPDA. This is due to the intentional 

anomaly created in the LPDA design that traps the energy between these two dipoles, thereby 

providing the high rejection after this frequency. Figure 18 (d) shows that a minimal current 

density is observed in the LPDA at 1000 MHz which shows that the antenna does not resonates 

at this frequency.  

Figure 19 presents the comparison of the simulated return loss of the antenna proposed in this 

chapter with the measured and simulated results of the antenna designed by Carrel’s method. 

The curves suggest that the proposed optimized design provides better matching for the antenna 

with lower S11 values in the TV broadcasting band (passband) whereas much higher S11 

values are observed in the LTE 800MHz and also in the GSM 900MHz mobile service bands 

(stopband), as compared to the antenna designed by Carrel’s method. Consequently, the return 

loss of the new antenna design demonstrates better rejection in the stopband compared to 

Carrel’s antenna design. 

Figure 20 demonstrates the comparison of simulated and measured realized gain achieved by 

the antenna designed using Carrel’s method and the optimized antenna design proposed in this 

chapter. It is evident from this figure to conclude that the new antenna design achieves a flatter 

and higher realized gain compared to the Carrel’s antenna design. It also shows that the realized 

gain value is below 0 dBi in the stopband, thereby achieving rejection characteristics from all 

the angles of arrival of radiation. 
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Figure 19. Comparison of return loss of the proposed antenna design with Carrel's design. 

 

Figure 20. Comparison of realized gain of the proposed antenna design with Carrel's model. 
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Figure 21. Comparison of front-to-back ratio of the proposed antenna design with Carrel's design. 

Figure 21 presents a comparison plot of the simulated and measured front-to-back ratio of 

Carrel’s antenna design and the new antenna design proposed in this chapter. The plot shows 

that a somewhat better front-to-back ratio is achieved by the new antenna design in the 

passband. 

Figure 22 shows the measurement setup to determine the radiation pattern in the E-plane of the 

proposed fabricated antenna in an NPL anechoic chamber. In order to calculate the radiation 

pattern of the fabricated antenna, another reference antenna is required. In this case, the 

Schwarzbeck USLP-9143B log-periodic antenna was used as the reference antenna. The 

fabricated antenna and the reference antenna are placed at a separation distance of 2m and both 

of them are placed 1.2m above the ground. In order to calculate the radiation pattern of the 

antenna in E-plane, the orientation of both the antennas are such that they are parallel to the 

ground. 
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Figure 22. E-plane radiation pattern measurement setup of the proposed fabricated antenna in NPL anechoic 

chamber. 

  

            (a)               (b) 



3.2 10-dipole LPDA design 61 

 

 

 

            (c)      (d) 

Figure 23. Measured and simulated radiation pattern in E-plane at (a) 470 MHz, (b) 650 MHz, (c) 790 MHz and 

(d) 1000 MHz. 

 

Figure 23 shows the comparison of the simulated and measured radiation patterns in E-plane 

of the optimized LPDA at (a) 470 MHz, (b) 630 MHz, (c) 790 MHz and (d) 1000 MHz. This 

plot suggests that a good agreement between the simulated and measured results are obtained. 

It also suggests that the antenna exhibits highly directional behaviour at 470 MHz, 630 MHz 

and 790 MHz, however, the performance of the antenna degrades at 1000 MHz. Furthermore, 

the radiation pattern of the fabricated antenna in H-plane was determined by following exactly 

the same measurement setup as for the E-plane, with the only difference in the orientation of 

the antennas. For determining the radiation pattern of the LPDA in H-plane, both, the fabricated 

antenna and the reference antenna were placed perpendicular to the ground. Figure 24 shows 

the measurement setup for determining the H-plane radiation pattern in an NPL anechoic 

chamber. Followed by the measurement, Figure 25 shows the comparison of the simulated and 

measured radiation pattern of the optimized LPDA in H-plane at (a) 470 MHz, (b) 630 MHz, 
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(c) 790 MHz and (d) 1000 MHz. The radiation pattern plot in Figure 25 validates the good 

agreement obtained between the measured and simulated results of the proposed LPDA design. 

 

 

Figure 24. H-plane radiation pattern measurement setup of the proposed fabricated antenna in an NPL anechoic 

chamber. 
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             (a)      (b) 

 

Figure 25. Measured and simulated radiation patterns in H-plane at (a) 470 MHz, (b) 650 MHz, (c) 790 MHz 

and (d) 1000 MHz. 
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3.3 Proposed 14-dipole LPDA geometry 

Inspired by the antenna designed in previous section, another design of LPDA with 14 dipoles 

is presented in this section that can reject the LTE mobile services as well as provide higher 

gain compared to the previous design. This design also provides a solution to solve the 

interference problems caused due to coexistence of mobile service band with the UHF TV 

broadcasting band. The work in [6] and [32], suggests that increasing the number of dipoles 

and increasing the overall length of the antenna, significantly contributes in increasing the 

antenna gain. Motivated by the antenna design in [12], an LPDA with 14 dipoles is proposed 

in this section. The arrangement of the first five dipoles of this antenna is responsible to provide 

the rejection of LTE band. They are arranged in such a way that the length of the 2nd dipole is 

smaller than the 1st and 3rd dipoles. Furthermore, the length of the 4th dipole is longer than the 

3rd and 5th dipoles. After the 5th dipole, all the other dipoles are arranged in the classic design 

fashion with increasing lengths until the last dipole.  

 

Figure 26. Proposed model of a 14-dipole LPDA with LTE-800 and GSM-900 band rejection. 

The distinguished anomaly of first five dipoles is because the smaller dipoles are responsible 

for the antenna performance at higher frequencies. The overall dimensions of the proposed 14-
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dipole LPDA are 985 mm x 320 mm x 41 mm. Since, this antenna has larger number of dipoles 

and thus longer boom length, the antenna provides higher gain compared to the 10-dipole 

LPDA. 

A cuboidal fastener extending 80 mm long, 14 mm wide and 41 mm high is used at the rear 

part of the antenna for it to act as a short-circuiting stub as well as a point of support. TRF 

algorithm was used to optimize this antenna and the dimensions of the optimized design is 

shown in Table 6 and the CST model of the antenna is presented in Figure 6. 

Table 6. Dimensions of 14-dipole LPDA. 

Parameters Values (mm) Parameters Values (mm) 

Breadth of boom 14 Dipole diameter 4 

Length of boom 985 gap  13 

Height of boom 14 s0 25 

L1 156 s1 40 

L2 124 s2 43 

L3 156 s3 45 

L4 160 s4 49 

L5 148 s5 55 

L6 160 s6 59 

L7 174 s7 62 

L8 186 s8 68 

L9 196 s9 75 

L10 220 s10 82 

L11 238 s11 88 

L12 270 s12 97 

L13 286 s13 104 

L14 306   

 

3.3.1 LPDA measurements and simulations 

The proposed 14-dipole LPDA operates in the frequency range from 470 MHz to 790 MHz. 

The model was discretized using hexahedral meshing technique and consists of 646,380 mesh 

cells. The simulations were performed with an accuracy of -50 dB. Open boundary conditions 

were set for the proposed design having a 0.0001 estimated reflection level.  
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The antenna was feeded using a discrete port with a 50 Ω impedance discrete that connects the 

center part of both the booms at the front end. Farfield monitors were setup with a resolution 

of 10 MHz starting from 450 MHz to 1000 MHz. 

The fabricated antenna was measured using a Rohde & Schwarz FSH8 portable spectrum 

analyzer. Figure 27 shows the comparison of the simulated and practically measured return 

loss of the proposed antenna. The simulated and measured return loss are in good agreement 

with lower S11 values in its operating TV frequency range (passband). However, the S11 

values are higher in the stopband consisting of LTE 800 MHz band and GSM 900 MHz band.   

 

Figure 27. Comparison between the simulated and the measured return loss of the antenna. 

Figure 28 shows the simulated realized gain of the proposed antenna. This graph also suggests 

that the antenna achieves high gain between 9 dBi and 11 dBi in the passband and achieves 

high rejection in the stopband by achieving a drop in gain to -6 dBi. The realized gain of the 

antenna demonstrates a higher gain compared to the 10-dipole LPDA [12]. 

Figure 29 presents the front-to-back ratio of the proposed antenna exhibiting a highly directive 

characteristics of the antenna with front-to-back ratio between 16 dB and 29 dB in the passband. 

As expected, the front-to-back ratio drops abruptly below 3 dB in the stopband.  



3.3 Proposed 14-dipole LPDA geometry 67 

 

 

 

Figure 28. Simulated realized gain of the proposed 14-dipole LPDA. 

 

Figure 29. Simulated front-to-back ratio of the antenna. 
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3.4 Conclusion 

The proposed 10-dipole and 14-dipole LPDA designs can be used as a cost-effective solution 

for UHF TV reception which is capable of rejecting the LTE 800 MHz band as well as the 

GSM 900MHz band without the addition of costly filters. This could help resolve the 

interference problem caused due to the coexistence of TV broadcasting services and mobile 

communications services, thereby enhancing the quality of service (QoS) of UHF TV signals. 

The proposed antenna design possesses good matching, relatively high and flat gain and highly 

directional characteristics in the passband combined with a high rejection in the stopband.  

Furthermore, because of its wideband characteristics, the LPDAs are significantly used for 

Electromagnetic Compatibility measurement applications where they are used as reference 

antennas. However, the LPDAs used for such measurements are bigger in size and therefore, 

there is a need to have an LPDA with reduced size and still performing well in the desired 

frequency range. One of the techniques to obtain size-reduction of LPDAs is to use printed 

LPDA, where an LPDA is printed on top and bottom part of the substrate. The size-reduction 

obtained in this case depends on the dielectric permittivity of the substrate. Chapter 4 

investigates a design procedure for a printed LPDA that can be used for EMC applications with 

operating frequency range from 0.8 GHz -2.5 GHz 

 

 

 



 

Chapter 4 Printed Log-periodic dipole antennas 

This chapter proposes a design methodology for a 12-dipole printed log-periodic dipole 

antenna (PLPDA). This antenna operates from 0.8 GHz to 2.5 GHz and is designed to be used 

for Electromagnetic Compatibility (EMC) measurement applications. The TRF algorithm is 

used to obtain the optimized antenna with low return loss values in order to achieve good 

matching for the antenna. The optimized design also achieves realized gain between 4.5 dBi 

and 6.3 dBi in addition to satisfactory front-to-back ratio. The proposed design was also 

fabricated on an FR4 substrate and the comparison of the simulated and measured return loss 

of the antenna is also presented in this paper. A significant part of this chapter has already 

been published in a conference paper [121]. 

4.1 Introduction 

A well-designed EMC antenna play an important role in performing accurate EMC 

measurements [47]. The antennas used for EMC measurements are required to have wideband 

characteristics, high gain and highly directive characteristics [48-50].  LPDAs have frequency-

independent radio electrical characteristics and can also provide flat gain, wideband and highly 

directional characteristics. Due to this reason, LPDAs are often considered best-suited for such 

applications [8]. As suggested in [15], they are widely used for high frequency (HF), very high 

frequency (VHF) and ultra high frequency (UHF) TV reception applications. However, for 

larger bandwidths, the size of LPDAs are often large and thus printed technologies can be used 

to design printed log-periodic dipole arrays (PLPDAs) that can provide compact as well as cost 

efficient solutions. 

A design procedure for LPDA is proposed by Carrel in [9]. LPDA consists of a conducting 

boom to which several dipoles of different lengths are connected. These dipoles are arranged 

in an increasing order from the front to the rear part of the antenna. Each half-wavelength (λ/2) 

dipole resonates at its center frequency. At its resonance condition, the dipoles with greater 
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lengths than the resonant dipole will act as reflectors, while, the dipoles with smaller lengths 

than the resonant dipole will act as directors. In this way, the LPDA with varying dipole lengths 

provide wider operating frequency range for the antenna [10]. The two consecutive dipoles are 

in out of phase as the dipoles are connected to the feeding line in a crisscross manner [13]. In 

order to design an LPDA with a desired gain, the selection of spacing factor (σ) and scaling 

factor (τ) values, can be made using Carrel’s graph [15].  

A PLPDA is usually designed by printing the conducting parts including the boom and dipoles 

of the antenna on both the side of the substrate. Phase reversal between the two consecutive 

dipoles can be obtained by printing the consecutive half-dipoles to the opposite side of the PCB 

substrate [51]. The input impedance of the PLPDA highly depends on the type of feeding 

technique used to feed the antenna. Similar to conducting boom in LPDAs, the dipoles are 

connected to a feeding line in the case of PCB substrate. Usually, these feeding lines are printed 

on both the side of the PCB substrate that connects the consecutive half-dipoles. Campbell et 

al. in   [52] presents a two-layered PLPDA that consists of a stripline conductor as a feed. An 

alternative approach is used in [51], where the coaxial cable is used to feed the antenna by 

connecting both the booms together by drilling a hole into the substrate and connecting the 

front part of the booms using a conducting wire. In this way, the antenna will act as its own 

balun and thereby provides wideband characteristics. PLPDA can comprise of dipoles of 

different shapes like rectangular, circular, elliptical, triangular or trapezoidal. The antenna 

performance significantly depends on the thickness of the substrate material (ts) , width of 

feeding line (wfeedline) , width of dipoles (wd) , length of dipoles (ln)  and spacing between the 

dipoles (sn-1,n). Like LPDAs, increasing the number of dipoles will increase the gain of the 

PLPDA.  

Several optimization algorithms can be used to improve the PLPDA performance. An 

optimization to reduce the size of the PLPDA is presented in [53, 54]. Another study that 

presents a useful comparison of the VSWR of log-periodic Koch dipole antenna and Euclidean 

PLPDA in [54]. The work suggested in  [7],  demonstrates a unique feeding technique for a 15-

dipole PLPDA that provides lower S11 below -10 dB in the frequency range from 4 GHz to 16 

GHz. A design of a compact planar dipole array antenna with gain enhancement technique is 

demonstrated in [55]. A novel 10-dipole PLPDA using half mode substrate integrated 
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waveguide (HMSIW) for UWB application that operates from 3.1 GHz to 10.6 GHz is shown 

in [56]. The optimization time required to obtain best design significantly depends on the type 

of algorithm selected. Different algorithms like particle swarm optimization (PSO) [42, 57, 

58], invasive weed optimization [5, 43], Taguchi optimization [39, 59-61] etc. can be used to 

obtain the optimized results. A comparative study of the algorithms provided by Computer 

Simulation Technology Microwave suite (CST-MW) like Trusted Region Framework (TRF), 

Nelder Mead Simplex algorithm, Classic Powell and Covariance Matrix Adaptation 

Evolutionary strategy (CMA-ES) has been demonstrated in [62, 63]. Furthermore, the 

optimization time can be further reduced by selecting appropriate optimization parameters. For 

instance, in  [12], while optimizing a 10-dipole UHF TV reception LPDA to provide band 

rejection at the LTE-800 band frequencies, only the lengths and spacings of the first four 

dipoles were considered for optimization.  

A design of a 12-dipole PLPDA is presented in this chapter that operates from 0.8 GHz to 2.5 

GHz. The antenna achieves good matching with low return loss values below -10 dB and 

satisfactory gain between 5 dBi and 6 dBi in its operating frequency range. This antenna is 

designed to be used for EMC measurements. 

4.2 PLPDA design procedure 

While designing the PLPDA, the most significant parameter that affects the antenna 

performance are the dipole lengths and the spacings between them. Therefore, it is necessary 

to first determine the scaling factor (τ) and the spacing factor (σ), so that the dipole lengths and 

spacings between them can be calculated. 

In order to determine the value of τ and σ for a PLPDA that has 5 dBi gain, Carrel’s graph [8] 

is used,  
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Figure 30. Carrel's graph to determine the gain from scaling factor versus spacing factor curve. 

The optimum values for τ and σ can be determined using the intersection points obtained on 

the line σ = 0.243τ-0.051 depending on the desired gain (G). Furthermore, the number of 

dipoles “N” required for the antenna, can be evaluated by solving the following expression: 
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where, Bar is the active region bandwidth of the PLPDA. 

Since, the antenna performance at the lowest frequency (flower) depends on the length of the 

longest element, this value is substituted in (12): 
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where, c is the speed of light. 

The lengths of consecutive dipoles can be determined by: 

1 .n nL L+ =  (13) 

The spacing between the longest dipole and its consecutive dipole can be calculated by: 
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1 .n nS S+ =  (15) 

It should be noted that the equations (9) to (15) are used to design an LPDA in free space 

conditions. However, in case of PLPAs, the effect of dielectric constant of the substrate also 

need to be considered. A geometry of a PLPDA with n-dipoles is shown in Figure 31, where 

the effect of dielectric constant of the substrate is also taken into the account. Figure 31 shows 

a basic geometry of PLPDA with n-dipoles which is designed using equations (9) to (15), 

taking into consideration the effect of the dielectric constant of the substrate. 

In this chapter, a 12-dipole PLPDA that operates between 0.8 GHz to 2.5 GHz is presented. 

The overall dimensions of the antenna are 150 mm x 160 mm x 1 mm (length x breadth x 

height). The dipoles of the proposed PLPDA are arranged in such a way that the width of the 

five short dipoles at the front end of the antenna are equal (w12= w11= w10= w9= w8), whereas 

the remaining dipoles have varying width until the longest dipole. The length of the dipoles 

keeps increasing gradually from the shortest dipole at the front end of the antenna until the 

longest dipole at the rear end of the antenna. The proposed antenna is printed on FR4 substrate 

(with dielectric constant ɛr= 4.3) and 1 mm thickness. The width of the feeding line is 1 mm, 

which is printed on both the sides of the substrate in order to feed the dipoles, thereby providing 

180-degree phase reversal. 
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Figure 31. Basic geometry of PLPDA. 

The feeding to this antenna can be provided using an SMA connector that is connected to the 

feeding line at the front end of the antenna. The antenna performance also depends on dielectric 

constant of the substrate its thickness. A computer-aided design (CAD) model of the proposed 

PLPDA  is shown in Figure 32. The optimized dimensions of the proposed antenna is also 

shown in Table 7. These dimensions were obtained by optimizing the initial antenna design 

using TRF algorithm, that was calculated using equations (9) to (15) with the effect of dielectric 

constant taken into account. The parameters that were considered for the optimization included 

the length of the dipoles (ln), width of the dipoles (wn), spacing between the dipoles (Sn-1-Sn), 

width of the feed line (wfeed). Table 9 presents a list of optimization goals with respective 

weights assigned to each goal. 

 

Figure 32. CAD model of PLPDA in CST. 
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Table 7. Dimensions of the proposed PLPDA antenna design. 

Dipoles 

(n) 

Length of dipoles  (ln) 

in mm 

 

Width of dipoles  (wn) 

in mm 

 

Spacing (Sn-1 - 

Sn ) in mm 

1 156.3 5.8 3.3 

2 115.8 5.3 28.5 

3 94.9 3.8 23.0 

4 74.1 2.8 18.3 

5 62.2 2.7 17.5 

6 49.3 1.5 11.3 

7 41.9 1.0 9.2 

8 34.8 0.9 7.5 

9 22.8 0.9 5.7 

10 20.5 0.9 5.5 

11 14.6 0.9 4.3 

12 12.8 0.9 3.5 

 

In Table 7, (S0-S1) is the distance between the longest dipole and the edge of the substrate. 

The overall dimensions of the substrate is 150 mm x 160 mm x 1 mm. The width of the feed 

(wfeed) is 1 mm. 

 

Figure 33. Optimized PLPDA on FR4 substrate. 

Figure 33 shows the PLDPA on FR4 substrate with optimized dimensions. The feeding to the 

antenna is provided using a SMA connector, which connects the feeding line on the either 

side of the substrate.  
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4.3 PLPDA simulation and optimization 

This chapter presents a design of a 12-dipole PLPDA antenna, whose dimensions were 

calculated using the equations (9) to (15) and, which was further optimized using TRF 

algorithm in order to obtain better antenna performance. The model of the calculated PLPDA 

design was developed and simulated in CST, followed by the optimization. The simulation is 

performed in time domain with accuracy of -40 dB. The model used hexahedral meshing with 

943,500 mesh cells. The simulation was performed in open boundary conditions with estimated 

reflection level of 0.0001 and minimum distance to the structure set as one-fourth of 

wavelength at 800 MHz. The feeding to the antenna is provided using an excitation waveguide 

port attached at the front end of the antenna. The optimization of the calculated initial antenna 

design was performed using TRF algorithm, that generated a fitness function using the 

optimization goals and the respective weights for the parameters listed in Table 8. The role of 

TRF algorithm is to determine the best fitness function value. The settings of the TRF algorithm 

was setup in such a way that only to vary 20% of the initial value of the design parameter were 

allowed to alter. The parameters that were considered for the optimization were: length of the 

dipoles (ln), width of the dipoles (wn), spacing between the dipoles (Sn-1-Sn), width of the feed 

line (wfeed). 

Table 8. Optimization goals. 

Parameter Target Range (MHz) Weight 

S11 < -12 dB 800-1400 3.0 

S11 < -12 dB 1450-1650 10.0 

S11 < -12 dB 1700-2500 3.0 

Realized Gain > 3.5 dBi 800-2500 2.5 

 

The optimization of the calculated design of PLPDA started with a fitness function value of 

15.8, which improved to 1.5 at the end of optimization.  

Figure 34 shows the comparison of S-parameter (S11 in dB) of the simulated and measured 

proposed optimized PLPDA antenna design in the frequency range of 0.8 GHz to 2.5 GHz. The 

curve of optimized PLPDA antenna suggests good impedance matching of the antenna, with 

S11 < -12 dB in the desired frequency range. Figure 35 shows realized gain of the proposed 
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optimized PLPDA antenna design in the frequency range of 0.8 GHz to 2.5 GHz. The antenna 

designs offer realized gain between approximately 5 dBi to 6 dBi. The curve suggests that the 

proposed antenna design provides sufficient gain and the optimization algorithm successfully 

met expectations.  

 

Figure 34. Comparison of S11 of the simulated and measured optimized PLPDA. 

 

Figure 35. Simulated realized gain of the optimized antenna. 
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4.4 Conclusion 

In this chapter, a 12-dipole PLPDA for L-band EMC application is designed. The optimized 

model is obtained by optimizing the initial antenna design using TRF algorithm, calculated 

using LPDA design equations by taking into account the dielectric constant instead of free 

space conditions. The proposed antenna operates in the frequency range from 0.8 GHz to 2.5 

GHz. It also demonstrates low return loss values below -10 dB and provide highly directional 

characteristics. However, several EMC measurements often involves wider frequency range of 

operation. Also, at UHF frequencies, the size of PLPDAs are still big and therefore 

investigation of size-reduction technique is required where the frequency response at the lower 

frequencies can be improved without significantly increasing the overall size of the antenna. 

Therefore, several miniaturization techniques are discussed in Chapter 5. Furthermore, Chapter 

5 also presents an PLPDA design built by following the design procedure discussed in Chapter 

4. This antenna has an operating frequency range from 0.8 GHz to 8 GHz. Furthermore, this 

antenna design is improved by using a novel size-reduction technique that involves 

introduction of the triangular longest dipole to the previous PLPDA design and then optimizing 

it to achieve improved frequency response from 0.4 GHz to 0.8 GHz. This results in an PLPDA 

design with an operating frequency range from 0.4 GHz to 8 GHz as presented in Chapter 5. 

 

 



 

Chapter 5 Miniaturization techniques for PLPDA 

antenna 

 

With the rapid technological advancements over the last decade, there have been increased 

demands for new generation wireless devices and communication systems. An ultra-wideband 

(UWB) frequency range from 3.1 GHz to 10.6 GHz is legislated by the Federal Communication 

Commission (FCC) for the use of wireless communication systems [64, 65]. Most of the UWB 

systems require antennas with large bandwidth. Several researches propose utilising monopole 

antennas for this application [66]. Although some monopole antennas can have wide 

bandwidth, they do not provide fixed radiation patterns for the entire frequency range and thus 

an alternative antenna for this application is required. Vivaldi antennas and tapered slot 

antennas are also considered as good candidates for UWB application because of their stable 

radiation pattern over the operating frequency range and their ability to radiate or receive power 

in end-fire direction [67-69]. However, the size of these antennas can be large depending on 

the lowest operating frequency. Therefore, for such applications, wideband LPDAs are highly 

preferred because they are directive and provide flat gain, wide bandwidth and can be 

fabricated at a low cost. Moreover, they radiate in end-fire direction and also provides closely 

spaced multiple resonances in the operating frequency range.  

Additionally, wideband directive antennas are also in huge demand by industrial as well as 

military organizations for direction finding (DF) applications over a wide range of frequency. 

Such applications require directive wideband antennas to determine the angle of the originating 

signal source in the azimuth plane as well as to have the ability to receive the signal over a 

wide frequency range [70, 71]. Moreover, DF techniques are also used for several civilian 

applications to track and locate targets. A fixed surveillance system requires a DF antenna in 
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the form of an array consisting of multiple antenna elements that are arranged in a circular 

formation. The antenna elements can be among several antenna types like dipole antennas, 

monopole antennas, bi-conical antennas, log-periodic antennas and Vivaldi antennas. A 

portable wideband DF antenna is proposed in [70] and [72]. DF antennas have also found its 

application in the drone market, where these antenna systems are deployed on vehicles as 

studied in [10] and [73]. LPDA are extensively used for DF applications because of their highly 

directive radiation pattern resulting in adequate front-to-back ratio in a wide range of 

frequencies [73]. However, the size of LPDAs is big and thus there is a case for size reduction 

of this antenna, to make it feasible to be deployed e.g. on drones.  

Antennas are also used in anechoic and reverberation chambers for Electromagnetic 

Compatibility (EMC) measurements, where they are used as a source of electromagnetic 

waves. Such type of measurement requires the source antenna to be of small size with wideband 

characteristics [10]. LPDAs are also considered as one of the best candidates for this 

application.  

The concept of frequency  independent antennas with wideband operating frequency range was 

first proposed by Rumsey in [74]. The study conducted by Rumsey, provided the foundation 

for the origination of LPDA in the later years as suggested in [75]. The design procedure for a 

conventional LPDA was suggested by Isbell and Carrel [9, 11, 73, 76]. Different variants of 

LPDA and its characteristics are described in Chapter 1 and 2. Because, LPDAs can operate in 

a wide frequency range and have the ability to provide flat gain and highly directive radiation 

patterns, they are promising candidate for applications like UWB communication systems, DF, 

EMC and radars. 

However, it is desirable that for the above applications the size of the antenna should be 

reasonably small. This puts a limitation on the use of LPDAs as for the lower frequencies the 

size of some dipole elements is large and thus there is a demand for smaller alternative antennas 

for such applications.  In pursuit of reducing the size of LPDAs, several studies were carried 

out by designing microstrip PLPDAs  [52, 77, 78].  The advantages of designing printed 

LPDAs (PLPDAs) involve miniaturization and low-fabrication cost. This chapter investigates 

several miniaturization techniques. 
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5.1 Miniaturization techniques for size-reduction of PLPDA 

Several studies have been carried out and several techniques have been proposed to reduce the 

size of PLPDAs. This section of the chapter investigates various miniaturization techniques 

proposed by researchers to reduce the size of PLPDAs. 

5.1.1 Top-loading techniques 

Top-loading techniques involve addition of different shapes like T-shaped, double T-shaped, 

hat-shaped, arc-shaped, C-shaped or any other shaped element at the termination of the dipoles 

of the conventional PLPDA. However, while adding the top-loading element at the termination 

of the dipole, the physical length of the dipole should be the same as that previous one.  

T-top loaded elements and hat-top loaded elements have been proposed and implemented in 

[79] to design a 48-dipole PLPDA which operates in the frequency range from 0.55 GHz to 9 

GHz providing a realized gain of above 7 dBi in the operating frequency range. A convention 

48-dipole PLPDA was initially designed with a scaling factor (τ) of 0.935 and a spacing factor 

(σ) of 0.174 in order to achieve a directivity of 9.5 dBi. However, in an attempt to reduce the 

length of the overall antenna, the spacing factor was reduced from 0.174 to 0.06 in order to 

achieve 20% size reduction of the boom length of the antenna, thereby reducing the resulting 

PLPDA length to 194 mm. Additionally, in order to reduce the overall width of the antenna, T-

top loaded elements and hat-top loaded elements were introduced at the termination of the last 

6 longer dipoles. This technique has reduced the overall width of the antenna by 27%. The 

overall dimension of 268 mm x 194 mm (length x width) of the antenna was achieved after 

implementing this technique. The study presented in this paper also demonstrates that for the 

same physical length, the resonance at the lowest operating frequency of the straight monopole 

can be lowered by using T-top loading elements. The resonance obtained in the lower 

frequency band obtained by introducing T-top loaded elements can be further lowered by 

introducing the vertical lengths to make it a hat-top loaded element. A simple analysis to 

support this technique was demonstrated in [79] by designing a straight monopole that 



82 Miniaturization techniques for PLPDA antenna 

 

resonates at 1 GHz frequency. After the introduction of a T-top loaded element and a hat-top 

loaded element to the straight monopole, the resonance shifted from 1 GHz to 0.8 GHz and 0.7 

GHz respectively. Therefore, a 35% of size reduction was obtained by introducing hat-top 

loaded element instead of using a straight monopole to obtain the resonance at 0.7 GHz. 

However, the limitation of such loading techniques is that it becomes difficult to attain the 

maximum impedance bandwidth because of the relatively higher Q-factor. Due to this reason, 

there is a need for bandwidth enhancement techniques to be introduced in the miniaturized 

version of the PLPDA. Again, in [79], bandwidth enhancement for the miniaturized PLPDA is 

obtained by introducing a feedline meander, a trapezoidal resistive stub for the modified 

dipoles and an arrow-shaped balun near the feeding of the antenna.    

Another study presents a PLPDA that operates in the frequency range of 8 GHz to 18 GHz 

[80]. In this study, chamfered C-shaped top loaded elements are introduced to the dipole that 

acts as an inductive load. This technique suggests that the size of a conventional PLPDA is 

reduced by 60%. The reduced size of 13-dipole PLPDA with C-shaped loading is achieved 

with an overall dimension of 33 mm x 9 mm that can provide a realized gain between 6.1 dBi 

to 7.1 dBi in the operating frequency range [80]. 

A unique variant of T-shaped top loading in the form of circular -arc T- shaped loading is 

presented in [81]. This study presents an LPDA capable of operating in the frequency range of 

0.82 GHz to 2.09 GHz with an average realized gain of 5 dBi. The approach proposed in [81] 

claims a reduction in the dipole lengths by 55%. The reflection coefficient of the antenna 

depends highly on the radius of the circular arc dipole and therefore, optimization of the circular 

arc radius needs to be done in order to choose the correct radius for the required design. 

Therefore, a similar approach can be used for PLPDA design. 

An interesting study to reduce the width of PLPDA is presented in [82], where a PLPDA is 

designed to operate in the frequency range of 2.3 GHz to 8 GHz with an average gain of 5-6 

dBi. Initially, a 9-dipole conventional PLPDA is designed to operate between 2.3 GHz to 8 

GHz. The overall dimension of this conventional PLPDA design was 90 mm x 120 mm. The 

size of this conventional PLPDA was reduced by modifying the straight dipoles into T-shaped 

dipoles in such a way that the total length of the dipole does not change. This method provides 
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50% lateral size reduction of the conventional PLPDA, thereby achieving the dimensions of 45 

mm x 125 mm. The size of this modified PLPDA was further reduced by introducing double 

T-shaped dipoles in such a way that the total length remains the same as the straight dipole. By 

this technique, 54% size reduction was observed in the modified dipole lengths compared to 

that of the original dipole elements. The overall dimension of this modified PLPDA design 

with double T-shaped top loading was found to be 38 mm x 125 mm.      

5.1.2 Fractal-iterative technique 

An alternate approach to miniaturize the PLPDA, similar to that of top-loading technique, 

involves the dipole to consist of fractal shapes in such a way that the total length for the current 

path is extended. Several fractal shapes can be used as suggested in [83]. A detailed  

comparison of PLPDAs with different fractal shapes and different iterations is shown in [84] 

for UWB applications. Additionally, a novel design of PLPDA with Giuseppe Peano fractals 

at the edge of truncated rhombic branches with spiral slots is also proposed in this reference, 

that can operate in the UWB band of 3.1 GHz to 10.6 GHz with a band rejection in the 5.8 GHz 

and 8.3 GHz band. The proposed PLPDA also provides a gain of more than 5 dBi in the 

operating frequency range and also leads to miniaturization of the conventional PLPDA by 

11.1%. A comparison of several fractal techniques and their miniaturization percentage is 

shown in Table 9. 

Table 9. Comparison of PLPDAs with different fractal shapes [84]. 

Reference 

# 

Feeding 

technique 

Fractional 

Bandwidth  

Fractal shape Miniaturization  

[85] Microstrip 47 % Koch fractal 12 % 

[86] Microstrip 67 % Meander line 21 % 

[83] Microstrip 67 % Non-uniform line 32 % 

[84] HMSIW 109 % Triangular Koch fractal 11.9 % 

[84] HMSIW 109 % Square Koch fractal 10.3 % 

[84] HMSIW 109 % Tree fractal-first iteration 27.1 % 

[84] HMSIW 109 % Tree fractal-second iteration 35.1 % 

[84] HMSIW 109 % Giuseppe Peano fractal in rhombus 

LPDA 

11.1 % 
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*HMSIW= Half-mode surface integrated waveguide 

Another attempt to miniaturize the conventional PLPDA was demonstrated in [87] using 

second-order Koch fractals. This reference shows how higher-order Koch fractals can be 

generated using four iterations. However, the proposed PLPDA antenna in this reference, used 

second-order Koch fractals to miniaturize a 9-dipole conventional PLPDA. The proposed 

PLPDA has reduced dimensions of 90 mm x 60 mm compared to that of the conventional 

PLPDA whose dimensions were 120 mm x 90 mm. The PLPDA design has the ability to 

operate from 2 GHz to 8 GHz and demonstrate an average gain of 5.8 dBi. 

An interesting approach was suggested in [88], where instead of introducing reactive loading, 

the concept of non-uniform transmission line (NTL) was introduced in order to miniaturize the 

conventional PLPDA. This was done by the modulation of impedance profile of the straight 

dipole elements to a truncated Fourier series using optimized Fourier coefficients. This 

technique achieved 32 % of size reduction of the straight dipoles. The proposed PLPDA with 

truncated Fourier-series dipole has an operating frequency range of 2 GHz to 4 GHz and 

provides a peak gain of 7 dBi. 

5.1.3 Truncated boom technique 

Most of the miniaturization techniques are applied to the longest dipole of the PLPDA in order 

to reduce the lateral size of the PLPDA. For instance, Koch Fractalization method in [54, 84], 

top-loading in [79, 81, 82, 89], metamaterials in [89, 90] are mostly applied to the dipoles so 

that the lateral size of the PLPDA is reduced. However, a unique and useful approach is 

proposed in [91] that can be used to reduce the axial size of the PLPDA by reducing the boom 

length. The authors in [91], propose to use dual-band dipoles instead of single straight dipole. 

In this way, the number of dipoles required by the PLPDA to cover a wide operating band 

reduces, which in turn also reduces the boom length. The dual-band dipole is designed in such 

a way that it has a half-wave principle dipole which is then loaded with an auxiliary dipole that 

acts as a resistive load. This dual-band dipole then follows the conventional PLPDA pattern. 

The PLPDA proposed in [91], consists of 25 dual-band dipoles, and the antenna operates in 0.5 

GHz to 10 GHz. The proposed design results in 40% size reduction in the total axial length of 
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the PLPDA compared to that of the conventional PLPDA. Also, the number of dipoles required 

to achieve same performance would require around 66 dipoles, and this number was reduced 

to 25 in the proposed PLPDA design. The total axial length in the case of 66-dipole 

conventional PLPDA was 364 mm and it was reduced to 218 mm in the case of the proposed 

25 dual-band dipole PLPDA. Additionally, it was also observed that if a conventional PLPDA 

of the same length as that of the proposed PLPDA was designed, with reduced spacing factor, 

the total bandwidth was 58% lesser compared to the proposed PLPDA.  The overall dimensions 

of the proposed PLPDA are 260 mm x 218 mm (lateral length x axial length). The proposed 

PLPDA uses a Rogers RO4003 as a substrate with dielectric constant of 3.55 and substrate 

thickness of 0.508 mm. The antenna is claimed to achieve a 5 dBi gain in the entire bandwidth. 

The only limitation to this technique is that the gain of the antenna is reduced. However, several 

gain enhancement techniques can be used to increase the gain of the proposed PLPDA antenna.  

5.1.4 Reflector ground plane technique for gain enhancement 

Several miniaturization techniques result in reduced size of the antenna, however, in several 

cases the gain of the antenna drops after miniaturization. An interesting approach is presented 

in [92], where a PLPDA is proposed that has an operating frequency range of 3.3 GHz to 20.7 

GHz with an average gain of 6 dBi. The PLPDA design consists of 17 dipoles that follow the 

conventional PLPDA design. In addition to this, a ground plane is added after the longest dipole 

on both the side of the substrate. This ground plane acts as a reflector and thus provides 

increased gain for the antenna. The antenna was fabricated on an FR-4 substrate with dielectric 

constant of 4.4 and substrate thickness of 1.6 mm. In addition to this, the authors also 

demonstrate an interesting approach to provide band rejection in the operating bandwidth using 

U-shaped notches. A U-shaped slot is placed on the boom of the antenna and its position is 

optimized until the required band rejection is obtained. The design proposed in this paper 

makes use of a U-shaped slot that has dimensions of 6.87 mm x 2.6 mm in order to achieve a 

rejection in the 5.8 GHz WLAN band.  

A similar approach to increase the gain of an PLPDA is proposed in [93], where a substrate 

integrated waveguide (SIW) is used after the longest dipole. The SIW acts as a reflector that 

leads to an increase in gain. Furthermore, the gain of the PLPDA was further increased by 
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adding parasitic patches after the end of the shortest dipole, which act as directors. This 

approach involves the idea of combining the benefits of log-periodic antennas and quasi-yagi 

antennas. The proposed antenna is designed to operate from 40 GHz to 50 GHz and in addition 

to this, it is also claimed to achieve a gain between 9-12.6 dBi. The technique of combining 

quasi-yagi and log-periodic designs provides a gain enhancement of around 2.5 dB to 3.4 dB 

compared to the conventional PLPDA [93]. 

 

5.1.5 Dielectric loading technique 

A novel and useful technique to miniaturize the conventional PLPDA using two-stepped 

dielectric materials by adopting the dielectric-loading technique is presented in [94]. The 

PLPDA proposed in this reference can operate in the frequency range of 200 MHz to 803 MHz 

and provides a gain greater than 4 dBi. The design proposed in this study suggests utilising 22-

sinusoidal dipoles instead of straight dipoles. The reason to use sinusoidal dipoles is that they 

provide extended current paths and can also provide a resonance at lower frequencies as 

compared to straight dipoles. A Polyflon substrate of dielectric constant of 2.55 and loss 

tangent of 0.0011 is used to fabricate the antenna. The thickness of this substrate is 3 mm. The 

uniqueness of this design is that it includes a 2 mm thick layer of air that is partially loaded 

within this substrate. The additional size reduction of the antenna is obtained by using a two-

stepped dielectric material of dielectric constant of 10 and loss tangent of 0.0035 that is used 

to cover the antenna from both sides. Furthermore, four parasitic elements are added at the end 

of the first two sinusoidal dipoles in order to implement the capacitive loading technique to 

reduce the size of the antenna. The overall size of this antenna is 420 mm x 576.6 mm x 29.6 

mm. Since, this antenna has high power handling capacity, it can find applications in airborne 

platforms.     

5.1.6 Folded-planar helix (FPH) dipole  

There have been successful attempts to miniaturize the PLPDA by replacing the straight dipoles 

with different sized and/or shaped dipoles to reduce the lateral size of the antenna. However, 
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most of these techniques lead to a deterioration of gain.  A similar, yet useful, approach is 

proposed in [95], where the straight dipoles are replaced with folded planar helix (FPH) 

dipoles. Implementing this technique leads to a reduction of the dipole size by 39%. In addition 

to that, it leads to a deterioration of gain by only 0.2 dB, which is much smaller compared to 

other miniaturization techniques. The proposed PLPDA had an operating frequency range of 

400 MHz to 800 MHz. An initial design was achieved by replacing the longest straight dipole 

with a FPH, which lead to size reduction by 18.2%. However, when two FPHs were used, the 

size was further reduced and a total reduction of 39% was obtained compared to the 

conventional PLPDA. This technique also gives an improvement in the front-to-back ratio of 

the antenna and achieves a gain of 5.5 dBi. Both the proposed antennas are designed on an FR4 

substrate with a dielectric constant of 4.4 and substrate thickness of 3.2 mm. The overall 

dimensions of the proposed PLPDA with 1 FPH are 445 mm x 364 mm which is the reduced 

version of the conventional PLDPA whose dimensions were 445 mm x 445mm. The reduced 

version was obtained by replacing 2 dipoles with 2 FPHs which resulted in the reduced overall 

dimensions to 445 mm x 300 mm. Further reduction was obtained by using a meander dipole 

between the 2 FPH elements leading to the overall dimensions reduced to 445 mm x 273 mm.  

 

5.2 PLPDA design for 0.7 GHz - 8 GHz 

This section presents a wideband 25-dipole PLPDA that has an operating range from 0.7 GHz 

to 8 GHz. The antenna dimensions are derived using traditional PLPDA equations described 

in Chapter 4. The antenna design was required to provide a gain of above 5 dBi in its entire 

operating range and thus in order to satisfy the bandwidth and gain specifications, 25 dipoles 

were selected. Similar to traditional LPDAs, this PLPDA also consists of dipoles that are 

arranged in an increasing fashion from the front to the back part of the antenna. The only 

difference is, a dielectric substrate (FR4) with relative permittivity of 4.3 is present between 

the top and the bottom boom. Therefore, it can be suggested that the top boom and the dipoles 

attached to it are embedded on the top part of substrate, while the bottom boom and the dipoles 

attached to it are attached to the bottom part of the substrate. The thickness of the substrate is 
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1mm. The feeding is provided to the antenna using a coaxial cable that is connected to the top 

boom using solder paste. The conducting part of the cable is soldered to the start of the bottom 

boom through a drilled hole. The overall dimensions of the proposed antenna are: 250 mm x 

170 mm x 1mm. The simulated and the fabricated model of the antenna is shown in the Figure 

36. 

                                                     

 

The CST model consisted of 10,625,384 mesh cells with the smallest cell size of 0.35 mm. The 

simulation of this model was performed in time domain with -50 dB accuracy. The dimensions 

of this antenna are listed in Table 10. 

Table 10. Dimensions of the proposed PLPDA. 

Proposed PLPA design 

Parameters Values Parameters Values Parameters Values 

L1 5 mm L14 22 mm d1 0.5 

L2 5.5 mm L15 25 mm d2 0.5 

L3 6 mm L16 28 mm d3 0.5 

L4 7 mm L17 30.5 mm d4 0.5 

L5 8 mm L18 34.5 mm d5 0.5 

L6 9 mm L19 38 mm d6 0.6 

L7 10 mm L20 43 mm d7 0.7 

L8 11 mm L21 48 mm d8 0.8 

Figure 36. CST model (left) and fabricated model (right) of the proposed antenna. 
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L9 12 mm L22 53 mm d9 0.9 

L10 14 mm L23 59 mm d10 1 mm 

L11 16 mm L24 66 mm d11 1 mm 

L12 18 mm L25 73 mm d12 1 mm 

L13 20 mm s13 7 mm d13 1 mm 

s0 7 mm s14 7 mm d14 1 mm 

s1 2 mm s15 8 mm d15 1 mm 

s2 2 mm s16 9 mm d16 1 mm 

s3 2 mm s17 10 mm d17 1 mm 

s4 2 mm s18 11 mm d18 1 mm 

s5 2 mm s19 13 mm d19 1 mm 

s6 3 mm s20 14 mm d20 1.5 mm 

s7 3 mm s21 16 mm d21 2 mm 

s8 3.5 mm s22 18 mm d22 2 mm 

s9 4 mm s23 20 mm d23 2 mm 

s10 4.5 mm s24 22 mm d24 2.5 mm 

s11 5 mm L-boom 230 mm d25 3 mm 

s12 6 mm H-boom 35 μm W-boom 3 mm 

where, 

Ln = length of nth dipole  

sn = spacing between nth and (n+1) th dipole 

dn = width of nth dipole 

L-boom = length of the boom 

W-boom = width of the boom 

H-boom = thickness of the boom (equivalent to copper clad thickness in this case) 

 

Figure 37 presents a comparison of the simulated and the measured return loss of the proposed 

antenna design. The graph suggests that antenna has low return loss below -10 dB in its entire 

operating frequency range from 0.7 GHz to 8 GHz. Thus, the antenna achieves good matching. 

Moreover, the graph also suggests that the simulated results are generally in good agreement 

with the measurements. 

Figure 38 shows a comparison of the simulated and the measured realised gain of the antenna. 

The antenna achieves a flat gain of approximately 5.5 dBi in its operating frequency range. The 

measured and simulated results are in good agreement.  

The gain of the antenna was measured using the two-antenna method. A picture showing the 

gain measurement setup is shown in Figure 39. 
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Figure 37. Comparison of the simulated and fabricated S11 of the proposed antenna design. 

 

Figure 38. Comparison of the simulated and the fabricated realized gain of the proposed antenna design. 
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Figure 39. Gain measurement setup for the proposed PLPDA. 

5.3 Novel PLPDA design for 0.4 GHz to 8 GHz 

In order to increase the bandwidth of the antenna proposed in section 5.2 towards the lower 

frequencies, a novel antenna is proposed in this section that operates in the frequency range 

from 0.4 GHz to 8 GHz. From the understanding of the traditional PLPDAs, it is clear that the 

performance of the antenna at lower frequencies depends on the last few dipoles. Therefore, 

the longest straight dipole was replaced by a triangular dipole in order to increase the gain and 

bandwidth of the antenna. With the introduction of the new dipole, an optimisation of the last 

four dipole lengths, last three spacings and last four dipole widths was performed. The 

optimisation goals were to obtain S11 below -12 dB and a higher gain above 5.5 dB between 

0.4 GHz to 1.2 GHz. The remaining frequencies were not considered as the optimisation would 

not significantly affect the frequencies higher than 1.2 GHz as only the last four dipole 

dimensions were considered for the optimization. The optimization goals can be clearly 

visualized in Table 11. 
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Table 11. Optimization goals. 

Parameters Goals Frequency (MHz) Weight 

S11 < -12 dB 0.4 GHz – 1.2 GHz. 5.0 

Realized gain > 5 dBi 0.4 GHz – 1.2 GHz 5.0 

  

 

Figure 40. CST model of the proposed antenna design. 

Figure 40 shows the CST model of the optimized antenna. The model consisted of 92,452,080 

mesh cells with smallest cell unit of 0.35 mm. The simulations were performed in the time-

domain with a -50 dB accuracy. The overall dimensions of the optimized PLPDA are 270 mm 

x 279 mm x 1 mm. The dimensions of the optimized antenna are shown in Table 12.  

Table 12. Dimensions of the optimized PLPDA. 

Proposed PLPA design 

Parameters Values Parameters Values Parameters Values 

L1 5 mm L14 22 mm d1 0.5 

L2 5.5 mm L15 25 mm d2 0.5 

L3 6 mm L16 28 mm d3 0.5 

L4 7 mm L17 30.5 mm d4 0.5 

L5 8 mm L18 34.5 mm d5 0.5 

L6 9 mm L19 38 mm d6 0.6 

L7 10 mm L20 43 mm d7 0.7 

L8 11 mm L21 48 mm d8 0.8 

L9 12 mm L22 53 mm d9 0.9 

L10 14 mm L23 59 mm d10 1 mm 
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L11 16 mm L24 66 mm d11 1 mm 

L12 18 mm L25 73 mm d12 1 mm 

L13 20 mm s13 7 mm d13 1 mm 

s0 7 mm s14 7 mm d14 1 mm 

s1 2 mm s15 8 mm d15 1 mm 

s2 2 mm s16 9 mm d16 1 mm 

s3 2 mm s17 10 mm d17 1 mm 

s4 2 mm s18 11 mm d18 1 mm 

s5 2 mm s19 13 mm d19 1 mm 

s6 3 mm s20 14 mm d20 1.5 mm 

s7 3 mm s21 16 mm d21 2 mm 

s8 3.5 mm s22 18 mm d22 2 mm 

s9 4 mm s23 20 mm d23 2 mm 

s10 4.5 mm s24 22 mm d24 2.5 mm 

s11 5 mm L-boom 230 mm d25 3 mm 

s12 6 mm H-boom 35 μm W-boom 3 mm 

 

Figure 41 presents simulated return loss of the proposed PLPDA. It suggests that the antenna 

has a good matching with low S11 values below -10 dB in most of the operating frequency 

range. Further improvement of return loss is required at lower frequencies.    

 

Figure 41. Simulated S11 of the proposed antenna. 
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Figure 42. Simulated realized gain of the proposed antenna. 

Figure 42 shows the simulated realized gain of the proposed antenna. The graph suggests that 

antenna provides a gain of above 5.5 dBi in most of its frequency range, however, lower values 

of gain are observed from 0.4 GHz to 1 GHz. The performance of the proposed antenna can be 

further improved by investigating and introducing other gain enhancement techniques and re-

optimizing the antenna. 

5.4 Conclusion 

This chapter reviews several miniaturization techniques to reduce the size of PLPDAs. Two 

prototypes of PLPDA are proposed that operate in a wide bandwidth. The first prototype 

proposed was a 25-dipole PLPDA that operates from 0.7 GHz to 8 GHz and provides a gain of 

above 5.5 dBi. The second prototype is an optimized design of the first prototype that includes 

a triangular longest dipole instead of the straight dipole. Replacing the shape of the longest 

dipole and optimizing the lengths, diameters and spacings of the last three dipoles provided a 

higher bandwidth compared to the first prototype. The optimized design operates from 0.4 GHz 

to 8 GHz and provides a gain of above 5 dBi. The TRF algorithm was used to optimize both 

prototypes. The LPDAs and PLPDAs are significantly used for gain measurements. However, 
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the antennas designed for VHF and UHF operations are big in size. For gain measurements, 

the antenna under test and the reference antenna are placed in such a way that they face each 

other and are separated by a specific distance. Ideally, this distance should be approximately 

the farfield distance of the antenna. However, the farfield distance for the antenna at VHF and 

UHF frequencies is significantly big. Therefore, in actual measurement setup, the farfield 

distance is not used and repetitive measurements are conducted at different distances so that 

the gain of the antenna can be accurately determined. Chapter 6 provides a novel modification 

to this gain determination technique where instead of repeating the measurements, the whole 

measurement setup is created in CST, and the S21 simulations are performed in order to 

determine the optimal distance of separation between the test antenna and the reference antenna 

that can be used for actual measurement. This technique not only reduces the time taken for 

measurements but also reduces the labour required for the measurement setup.  



 

Chapter 6 Accurate antenna gain determination 

using the two-antenna method 

This chapter demonstrates a simulation-assisted measurement technique to determine the gain 

of an antenna accurately in an open test site or anechoic chamber. The proposed technique is 

based on the two-antenna gain measurement method using Friis equation in far-field free-space 

conditions, with the actual measurement test setup modelled in CST Studio Suite for 

simulation. An LTE-reject UHF TV log-periodic dipole antenna is used to validate the gain 

measurement technique in this paper. The simulation of the two-antenna gain measurement 

method is used in order to estimate an appropriate minimum separation distance between the 

two antennas that needs to be used for actual measurements to ensure far-field free-space 

conditions. Determining this minimum separation distance using several simulations instead of 

actual measurements saves time and effort because it eliminates the need to perform 

measurements at various separation distances. The measured realized gain obtained using this 

technique provides a good agreement with the simulation and thus validates the accuracy of 

this technique. A significant part of this chapter has already been published in a 

conference [162]. 

6.1 Introduction 

Measuring the gain of an antenna accurately is a very challenging task and is most commonly 

performed in an environment with non-reflecting characteristics like in an anechoic chamber 

or an open test site [96]. Measurements that are performed in anechoic chambers provide 

excellent free space antenna gain estimates, however, such measurements are expensive and 

also require the size of the chamber to be sufficiently large compared to the wavelength of the 

antenna under test (AUT). In addition to this, it also requires taking into consideration the type 
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of absorbers that are used on the floor and on the walls, depending upon the frequency range 

of the measurements. This contributes in making the measurements in the anechoic chamber 

an expensive and time-consuming process [97]. Therefore, for such cases, a cheaper yet 

effective alternative to anechoic chamber measurements is to perform the measurements in an 

open test site. Performing the measurements at an open test site location requires to ensure that 

the selected site has low-noise. The reflections due to the ground may lead to inaccurate results 

and thus installing diffraction fences on the ground surface helps in reducing the ground 

reflections [97]. The IEC CISPR 16 on Electromagnetic Compatibility (EMC) describes the 

height scan measurement technique which involves determining the height where constructive 

interference occurs in order to reconstruct the direct wave using the measured values of 

constructive and destructive interference [98].  However, this technique is difficult to 

implement for directive antennas like log-periodic antennas because the vertical beam is 

narrow in this case. Another unique technique to eliminate the effects of ground reflections was 

proposed in [99], where time-domain pulses with duration and rise time of the order of 50 ps 

were generated in order to characterize the performance of antenna in the desired frequency 

range. The Antenna Time-Domain Measurement (ATDM) technique promises to reduce the 

duration of measurement compared to the frequency-domain measurements and the hardware 

implementation of this technique is described in [99].  Another alternative to reduce the effect 

of ground reflections is to perform an inverse Fourier transform on the data obtained through 

frequency-domain measurements as described in [100] and [101]. However, these techniques 

are not applicable in case the AUT is a narrow-band antenna. The reason behind this is that 

narrow band antennas produce time-domain responses that are much longer than the 

propagation delay of reflections. As a solution to this, a study in [102] suggested that narrow-

band antennas could be measured in reverberation chambers with the help of statistical model 

of propagation. One of the accurate and cost-effective ways of measuring the gain of an antenna 

is by using two-antenna method combined with a distance scan method. This method has been 

implemented to determine the gain of UHF log-periodic directional antennas in [103] that were 

designed to be used for a transhorizon propagation measurement campaign [104]. The idea of 

the distance scan method was introduced after a helicopter measurement campaign was 

performed in order to characterise VHF broadcasting antennas in [105] However, finding the 

appropriate distance for the separation between two identical antennas in order ensure far-field 
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conditions as well as to minimise ground reflections is a challenging and time-consuming task. 

Therefore, in this paper, an accurate antenna gain estimation technique is proposed as a 

modification of the two-antenna method, where the appropriate distance between the two 

antennas is determined using the simulation of the test setup performed in CST Studio Suite. 

Furthermore, the accuracy of the antenna gain measurements can be improved by considering 

the exact phase centre of the antenna [106, 107], which may depend on frequency. The gain 

determination of an LPDA by considering the phase centre is demonstrated in [108]. 

Additionally, the numerical investigation of the field regions of wire based antenna systems 

and the study of boundaries of near and far field regions in the simulations is described in [109, 

110] respectively. 

6.2 Two-antenna method 

The two-antenna method is a measurement technique that uses the Friis transmission equation 

to determine the gain of an antenna [111] in the far-field. This technique requires two samples 

of test antennas that are geometrically and electrically identical. The two identical antennas are 

separated by a distance in such a way that they face each other and are at the same height from 

the ground. One of the antennas will act as a radiating antenna and the other antenna will act 

as a receiving antenna. It should be made sure that the antennas are well matched in terms of 

impedance and polarization. A Rohde & Schwarz FSH8 portable spectrum analyzer was used 

to determine the power transferred from Antenna-1 to Antenna-2. The Friis Transmission 

equation is used to determine the gain of the antenna using the measured transferred power as 

shown in: 
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Gt= gain of the transmitting antenna 

Gr= gain of the receiving antenna 
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This equation can be re-written in terms of dB as: 
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     FSPL        s21 

where, 

GdB= Gain of AUT in dB 

R= distance between two antennas  

Pt= transmitted power 

Pr= received power 

λ= wavelength 

FSPL= Free-Space Propagation Loss 

 

The S21 recorded by the spectrum analyzer and the accurate distance between the antennas 

will provide the gain of the antenna using equation (17). However, the only drawback of this 

technique is the estimation of the minimum distance between the antennas in the far-field that 

will provide less ground reflections and thus more accurate results. Inappropriate estimation of 

this distance may lead to inaccurately measured gain. Therefore, usually several measurements 

are recorded varying distance by moving one of the antennas away from the other. The 

measurements performed in [8], involved recording several measurements by varying the 

distance between the two antennas from 2 meters to 20 meters. This is a time-consuming 

process. The technique proposed in this paper provides a modification to this two-antenna 

method, where this distance can be estimated correctly using simulations of the test setup in 

CST Studio Suite, thereby reducing the overall time of measurements.  

6.3 Antenna under test 

To validate the measurement using the two-antenna method, a 10-dipole log-periodic antenna 

(LPDA) was used as a test case. This log-periodic antenna is a directional antenna that is used 

for ultra-high frequency (UHF) TV reception and has an operating frequency range from 470 
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MHz-790 MHz. This LDPA is a modified version of a traditional 10-dipole LPDA that has the 

capability to reject the LTE-800 MHz band and GSM-900 MHz band. The rejection capability 

was obtained by optimizing the traditional 10-dipole LPDA, and the design procedure is 

demonstrated in [12]. This optimized design is used in this paper to demonstrate the two-

antenna method for determining the realized gain of the antenna. The CST model of the antenna 

is shown in Figure 43. Another variant of LPDA has also been proposed in [33] using Particle 

Swarm Optimization with velocity mutation algorithm (PSOvm). 

 

 

Figure 43. CST model of 10-dipole LPDA used as the AUT. 

However, this antenna was further optimized using the Trusted Region Framework (TRF) 

algorithm [63] in CST Studio Suite and described in [34]. 

6.4 Proposed simulation-assisted antenna gain measurement 

In order to validate the two-antenna method and find the appropriate far-field distance R (in 

meters) between the two antennas for the two-antenna method, an identical setup was created 

in the simulation software. This was done by creating an identical model of the AUT and 

placing it at a distance R. The top view of the test setup in the simulation software is shown in 

Figure 44. 
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The model of this setup consists of hexahedral meshing with a minimum of 2,244,156 mesh 

cells and a maximum of 4,838,556 mesh cells for 1m and 5m separation distance between the 

two antennas respectively. The simulation was performed in the time domain in order to obtain 

the power transferred from one antenna to the other. Several simulations were performed by 

varying the distance R between the two antennas from 1m to 5m in order to obtain a good 

estimation of the minimum distance that would provide accurate free-space far-field results.  

 

Figure 44. Top-view of the measurement test setup modelled in CST simulation software. 

After estimating the distance R between the two antennas in simulation, the actual 

measurement setup for the two-antenna method was created. A distance of 1.5 meters was 

considered for the distance between the two antennas to be used for the actual measurement 

setup. The two-identical antennas were mounted on two separate wooden stands and were 

placed at the same height in such a way that both the antennas faced each other. The wooden 

stands with the antennas were separated by R=1.5 meters, that was obtained from simulation. 

The power transferred from antenna-1 to antenna-2 was measured using an FSH8 Rohde & 

Schwarz spectrum analyzer. The value obtained from the spectrum analyzer was then used to 

calculate the realized gain of the antenna using equation (17). 

Figure 45 shows the comparison of the measured and the simulated S21 or the power 

transferred from antenna-1 to antenna-2. The plot is an evidence of the good agreement 

obtained between the measured and simulated results. The values from this plot were then used 

to calculate the realized gain of the antenna. Figure 46 shows the comparison of the simulated 

and measured realized gain of the AUT. The plot shows good agreement between the 
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measurement and simulation results. The graphs present reasonably high gain in the UHF 

reception range from 470 MHz to 790 MHz. The antenna demonstrates a high-rejection 

capability in the LTE-800 MHz and GSM-900 MHz band as expected.  

 

Figure 45. Measured and simulated S21 of the AUT. 

 

Figure 46. Measured and simulated realized gain of the AUT. 
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6.5 Conclusion 

An improvement of the two-antenna method is presented in this paper using measurements and 

simulations. This paper also proposes a useful technique using CST simulation to estimate the 

distance between the identical antennas to be considered for the measurement setup in order to 

achieve accurate measurement results. The realized gain of the AUT obtained using simulation 

and measurement demonstrates a good agreement. The LPDAs and PLPDAs discussed in 

chapters so far, are linearly polarized. However, several satellite applications require circularly 

polarized antennas to eliminate the polarization mismatch loss. Although, circular polarization 

can be obtained through LPDA by using orthogonal LPDAs, but these designs are complex as 

well as bulky. Therefore, patch antennas are considered as good candidate for such applications 

where circular polarization is required. They are relatively easier to design and fabricate. 

Therefore, Chapter 7 focusses on designing circularly polarized elliptical patch antennas for 

GPS and Iridium applications.  

 

 

 



 

Chapter 7 Dual-band Circularly polarized 

antenna 

Circularly polarized antennas are very effective in avoiding polarization mismatch losses and 

thus improve the connection reliability between satellite communication devices. This chapter 

presents a compact and cost-efficient design of elliptical edge-fed circularly-polarized dual-

band patch antenna that facilitates Global Positioning System (GPS) and Iridium applications 

like search and rescue operations. The design of a circularly-polarized antenna is a challenging 

task and requires special feeding like the edge-fed technique. The proposed antenna is modelled 

in CST Microwave Studio environment and is optimized using an innovative algorithm called 

Parallel Surrogate Model Assisted Differential Evolution for Antenna Synthesis. It has also 

been fabricated using Rogers RT 5880LZ laminate and exhibits a behavior in good agreement 

with the simulated results. The antenna has small dimensions and provides low S11, a realized 

gain above 5 dBi and satisfactory axial ratio in both L1 GPS and Iridium bands. A significant 

part of this chapter has already been published in a conference [143]. 

7.1 Introduction 

In the past decade, there has been a rapid development in the field of satellite communications 

that led to an increasing demand for compact and cost-efficient wireless devices. The use of 

miniaturized antennas can significantly reduce the size of wireless devices. Some applications 

for such antennas are search and rescue operations, fire-fighting, military, health monitoring 

systems and space applications [112]. However, the reduction of the antenna size can be a 

complex problem because it degrades the antenna performance [113]. Another issue that 

increases the complexity of these wireless communications systems is battery life. The antenna 

performance has a significant impact on the battery consumption of such systems. A low 
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performance antenna consumes more power in order to maintain the radiated power at a desired 

level and may lead to shorter battery life [114]. 

In satellite communications, antennas are utilized for both, transmission and reception. 

Unmatched polarization of transmitting and receiving antennas may lead to significant 

polarization mismatch losses. However, this problem can be overcome by using circularly 

polarized antennas [115]. Since most of the satellite antennas transmit circularly polarized 

waves, the use of circularly polarized antennas at the receiving end provides reception at higher 

level than that of a linearly polarized antenna. Moreover, by using linearly polarized antennas, 

the connection might be lost if the user moves to a position where there is no direct line of sight 

[114]. On the contrary, the use of circularly polarized antennas eliminates the requirement for 

antennas being in direct line of sight. Due to these advantages, mobile satellite communication 

systems, including Global Positioning System (GPS) and Iridium, utilize circularly polarized 

antennas. 

Circular polarization can normally be achieved using a crossed dipole, a helix or a microstrip 

patch antenna. Microstrip patch antennas, provide several advantages like low profile, compact 

size, light weight and low cost in manufacture, and therefore they are good candidates for 

providing circular polarization [116]. There have been studies, where microstrip patch antennas 

with circular polarization were used for rescue operations [117], health monitoring systems 

[118], fire-fighting operations [119], and military applications [120]. Microstrip patch antennas 

have also been used for several EMC applications like those described in [121] and [122]. They 

are extensively used for dual-band applications like C and X bands described in [123], L and 

C band given in [124], L and X band given in [125], Wi-Fi bands (2.44 GHz and 5.51 GHz) 

given in [126], and finally L1 and L2 GPS bands given in [127]. A novel dual-band fractal 

monopole patch antenna for operation in 700 MHz and 2600 MHz Long Term Evolution (LTE) 

bands is proposed in [128], where 24% size reduction is achieved in the optimized design 

compared to the initial standard quarter-wave resonant monopole by using Particle Swarm 

Optimization (PSO). A miniaturized dual-band head-implanted antenna design is presented in 

[129] for medical implant communication services (MICS) and industrial, scientific and 

medical (ISM) applications. Circularly polarized microstrip wearable patch antennas have also 

been designed for GPS in [130, 131]. Furthermore, antennas operating in the GPS and/or 
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Iridium band have been proposed in [132] using a square patch as well as in [112] and [114] 

using a rectangular patch. An analysis on the performance of an elliptical patch antenna has 

been presented in [133], while its resonant circuit is studied in [134]. Elliptical patch antennas 

have also been used for ultra-wideband communications as presented in [135]. However, the 

design of an elliptical patch antenna for operation in the GPS and Iridium bands is a challenging 

task due to the unique characteristics of the elliptical patch geometry. In fact, the advantage of 

using an elliptical patch, instead of using a square patch (like the one used in [132]) or a 

rectangular patch (like the one used in [112] and [114]), is that it is easier to obtain circular 

polarization. 

Due to the rapid development of wireless communications, the demand for utilizing a single 

antenna to support multiple operating frequencies has intensely been increased. A similar study 

is presented in [136], where four novel Fibonacci-type antennas are proposed for operation in 

GSM-900 MHz band and also in an extended band from 3.2GHz to 11.9 GHz with single, dual 

and triple band-notched characteristics. Several innovative patch antenna designs have been 

proposed for wearable and implantable applications as shown in [137-139]. 

After investigating the possibilities of using circularly-polarized patch antennas for satellite 

communications, an effort is made in this chapter to optimize an elliptical edge-fed circularly-

polarized dual-band patch antenna that operates in both L1 GPS (1.563–1.587 GHz) and 

Iridium (1.616–1.626 GHz) bands and can be used for wearable applications. The antenna is 

required to provide, in both bands, S11 equal to or below –10 dB and realized gain (RG) equal 

to or above 5 dBi, which is higher compared to conventional square, rectangular and circular 

patch antennas. Studies performed in [140] suggest that GPS receivers work satisfactorily even 

when using linearly polarized antennas in urban environments due to multipath propagation. 

So, in the L1 GPS band, a more relaxed constraint may be applied for the axial ratio (AR), 

which is thus required not greater than 15 dB for this band. In the Iridium band, where nearly 

circular polarization is required, AR must be equal to or below 5 dB. All these requirements 

are summarized in Table 13. 
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Table 13. Antenna optimization requirements. 

Parameter Requirement Description 

1st band range  1.563 – 1.587 GHz L1 GPS band 

2nd band range  1.616 – 1.626 GHz Iridium band 

S11  ≤ –10 dB in both bands 

RG  ≥ 5 dBi in both bands 

AR ≤ 15 dB in the L1 GPS band 

AR ≤ 5 dB in the Iridium band 

 

7.2 Antenna Geometry 

A methodology to design dual-resonant elliptical patch antennas has been proposed in [141]. 

According to this methodology, approximate equations are used to calculate the lengths a and 

b of the semi-major axis and the semi-minor axis, respectively, while the elliptical patch is 

considered to be fed by an SMA probe located on the ellipse perimeter at 45° from the major 

axis. In fact, the parameters a and b determine the lowest resonant frequency and the highest 

resonant frequency, respectively, while the ratio a/b defines the antenna AR. Due to the use of 

approximate equations, the resonant frequencies are expected to deviate from their respective 

desired values. To verify this frequency deviation, the methodology given in [141] is applied 

for the center frequencies of the L1 GPS and Iridium bands, i.e., 1.575 and 1.621 GHz. 

Actually, the two resonant frequencies represent the operating frequencies of the even and odd 

dominant (TM11) modes of the elliptical patch. These frequencies can be determined by using 

approximate expressions of the Mathieu functions [141, 142], which in turn depend on the 

elliptical patch eccentricity defined as 

( )
2

1e b a= −  

(18) 

 

For the even dominant mode, the Mathieu function is given as 
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while, for the odd dominant mode, it is given as 
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(20) 

 

By making a simple graphical representation of (2) and (3) for eccentricity intervals [0.05, 

0.45], [0.45, 0.55] and [0.55, 0.95], it seems that 11 11

e oq q
 for every value of e in the entire interval 

[0.05, 0.95]. The frequencies of the even and odd dominant modes are given in GHz [30], 

respectively, by: 
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And 

11

11

15
o
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q
f

a e
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 

 

(22) 

In the above expressions, ɛr is the electric permittivity of the substrate, while aeff is called 

effective semi-major axis and is used in calculations instead of a to compensate for the fringing 

field at the edge of the elliptical patch. This parameter is approximated by: 
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(23) 

where h is the thickness of the substrate. It must be noted that a, aeff, b and h are all in cm in 

(4), (5) and (6). By dividing (4) by (5), we get: 
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(24) 

Since 11 11

e oq q
, from (7) we derive that 11 11

e of f
. Therefore, 11

ef
 represents the lowest resonant 

frequency (i.e., the center frequency 1.575 GHz of the L1 GPS band), while 11

of
 represents the 

highest resonant frequency (i.e., the center frequency 1.621 GHz of the Iridium band).  

To find the values of a and b, first we need to calculate the value of e. Considering that 0.05 ≤ 

e ≤ 0.45, 11

eq
 and 11

oq
 are calculated from the first expressions of (2) and (3), respectively. By 

substituting the values of 11

ef
 and 11

of
 as well as the first expressions of (2) and (3) in (7), we 

derive e = 0.3282. This value is considered to be valid, because it resides in the interval [0.05, 

0.45].  

To give the reader the complete calculation process of e, we describe below what would be the 

next steps if the value of e did not reside in the above interval. In such a case, we consider that 

0.45 ≤ e ≤ 0.55, which means that 11

eq
 is calculated from the first expression of (2) and 11

oq
 from 

the second expression of (3). By substituting these expressions as well as the values of 11

ef
 and 

11

of
 in (7), we derive the value of e, which must reside in the interval [0.45, 0.55]. If not, we 

finally consider that 0.55 ≤ e ≤ 0.95, which means that 11

eq
 and 11

oq
 are calculated from the second 

expressions of (2) and (3), respectively. By substituting these expressions as well as the values 

of 11

ef
 and 11

of
 in (7), we derive the value of e, which must reside in the interval [0.55, 0.95]. 
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After e has been found and using certain values for εr and h, effa
 can be found from either (4) 

or (5). Then, from (6), we calculate the value of a. Finally, from (1), we find the value of b. 

Using the above value of e = 0.3282 and considering a substrate with εr = 2 and h = 2.54 mm 

(the selection of such values for εr and h will be explained below), we get a = 37.9 mm and b 

= 35.8 mm. 

The antenna geometry extracted by this methodology is modeled in CST Microwave Studio 

(CST MWS) using copper thickness equal to 0.035mm and analyzed using the time domain 

solver of CST MWS, which employs the finite integration technique, with an accuracy of –50 

dB for the frequency domain signals. From this analysis, the values of S11 are extracted in the 

frequency range 1.4-1.8 GHz (which includes the L1 GPS and Iridium bands). The graphical 

representation of S11 shown in Figure 47 verifies the creation of deviations from the center 

frequencies of both bands. In fact, the deviations are so high that the resonances overlap and 

merge into a single resonance at an intermediate frequency, without satisfying the requirement 

for S11 (see Table 13). Therefore, an optimization of the antenna geometry is necessary to 

compensate for these frequency deviations, while some geometry modifications are required 

to further improve the antenna behavior according to the above requirements. 

 

Figure 47. S11 of the simulated initial geometry designed according to the methodology given in [141]. 
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Figure 48. Schematic diagram of the proposed elliptical patch antenna. 

The proposed antenna geometry (see Figure 48) is composed of a dielectric substrate, an 

elliptical conducting patch and a ground plane, while a feeding line and a matching line are 

introduced in this geometry. The substrate is defined by its electric permittivity εr and its 

thickness h, and is considered to be square-shaped with side length ls. The elliptical patch is 

defined by the parameters a and b. The ground plane is of the same dimensions as the substrate. 

Finally, the feeding line and the matching line are defined by their lengths, respectively 

expressed as lf and lm, and their widths, respectively expressed as wf and wm. These two lines 

are parallel to each other but not parallel to the major axis of the elliptical patch. Thus, an 

azimuth angle ϕr is formed between the common axis of the two lines and the major axis of the 

patch. It is also obvious from Figure 48 that the patch is edge-fed. In comparison with the 

geometry given in [141], the proposed geometry induces more degrees of freedom due to 8 

adjustable parameters (i.e., a, b, lm, wm, lf, wf, ϕr and ls under optimization, considering that εr 

and h have fixed values) and therefore has the potential to concurrently satisfy all the above 

requirements (given in Table 13). A preliminary investigation of this geometry has been made 

in [143] without any optimization of the antenna behavior. The substrate used for the proposed 

antenna is Rogers RT/duroid 5880LZ laminate with εr = 2 and h = 2.54 mm (0.1 inch), unlike 

the usual FR4 substrate, which has εr = 4.4 and h = 1.6 mm. Since, the substrate used here has 
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a lower permittivity and a higher thickness compared to the FR4 substrate, greater bandwidth 

in both L1 GPS and Iridium bands is expected. 

The antenna is modelled in CST MWS. The model consists of approximately 750000 mesh 

cells (the model changes dimensions during the optimization and thus the meshing size changes 

too). The antenna feeding is modelled by using a waveguide port at the edge of the feeding 

line. The full wave analysis is performed by applying the time domain solver of CST MWS 

with an accuracy of –50 dB for the frequency domain signals. The CST model of the proposed 

antenna is shown in Figure 49 (a) and the fabricated antenna in Figure 49 (b). 

 

Figure 49. (a) CST model and (b) fabricated version of the proposed antenna. 

7.3 Optimization using PSADEA 

The optimization of the proposed antenna is a challenging task, because the antenna has to 

concurrently satisfy all the requirements of Table 13 in two bands. In general, antennas have 

been optimized so far by using either local optimization or global optimization methods. The 

success of local optimization methods depends on the quality of the initial design employed to 

start the optimization process. Consequently, such methods are not always able to satisfy all 

the predefined requirements. On the other hand, the use of global optimization methods, such 

as PSO, is costly in terms of computational time, because a large amount of fitness evaluations 

is required by such methods in order to converge. In addition, when full wave analysis is 

required (using the CST MWS in our problem) for every fitness evaluation, the computational 

cost is extremely increased. 
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The Surrogate Model Assisted Differential Evolution for Antenna Synthesis (SADEA) 

algorithm [144-146] is capable of obtaining comparable or better quality designs compared to 

standard global optimization techniques and with around 3 to 20 times efficiency improvement 

for antenna design cases [144], [147], [148]. The essential elements in the SADEA family are 

the Gaussian process surrogate modeling, the differential evolution search and the surrogate 

model-aware evolutionary search framework [144]. The Gaussian process is used to construct 

computationally cheap surrogate models, thus approximating the performance of 

computationally expensive simulations. Differential evolution is used to carry out global 

optimization. The key challenge for all surrogate-based optimization techniques is the 

appropriate balance between handling surrogate model prediction uncertainty (to avoid being 

trapped in local optima or wrong convergence) and reducing the number of real 

computationally expensive evaluations (to improve the efficiency). In the SADEA family, this 

is addressed by the surrogate model-aware evolutionary search framework [149]. 

In this chapter, the state-of-the-art parallel SADEA (PSADEA) algorithm is employed [145, 

146]. Compared to the standard SADEA, PSADEA employs complementary differential 

evolution mutation strategies and reinforcement learning techniques, thus achieving an 

additional efficiency improvement of about 1.5 to 3 times, even in the sequential mode, as well 

as a further improvement in the solution quality [145, 146]. 

To help the optimization process converge faster, upper and lower boundaries must be defined 

for every optimization parameter. The optimal values of a and b are expected to deviate at most 

±40% from their typical values (i.e., a = 37.9 mm and b = 35.8 mm) derived by the 

methodology given in [141]. The values of lm and lf are expected to be found between 0.5 mm, 

which is considered to be the smallest feasible fabricated copper size, and 48 mm, which is 

equal to a quarter of the wavelength at the lowest frequency of interest (1.563 GHz), 

considering that the maximum variation of voltage, current, or impedance takes place along a 

quarter-wavelength line. To have sufficient tolerance in achieving impedance matching, the 

values of wm and wf are expected to be found between 0.5 mm and 10 mm. The optimal value 

of ϕr is expected to deviate at most ±40% from its typical value (i.e., 45°) [141]. The boundaries 

of ls are dynamically adjusted at the end of every iteration of the optimization process. Since 

the substrate must be larger in length along x-axis and y-axis (see Figure 48), the lower 
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boundary of ls is considered to be equal to lm,cur + lf,cur + 2acur, where lm,cur, lf,cur and acur are the 

current values of lm, lf and a, respectively, at the end of every iteration of the optimization 

process. Finally, the upper boundary of ls is arbitrarily considered to be 40% greater than its 

lower boundary. All these boundaries are summarized in Table 14. 

For every set of values of a, b, lm, wm, lf, wf, ϕr and ls tested by the PSADEA algorithm, the 

antenna is analyzed by applying the CST MWS and the values of S11 (in dB), RG (in dBi) and 

AR (in dB) are extracted for 7 uniformly distributed frequency samples of the L1 GPS band 

with 4 MHz sampling step and for 3 uniformly distributed frequency samples of the Iridium 

band with 5 MHz sampling step. These values of S11, RG and AR are used to calculate a fitness 

function, which is properly formulated according to all the above requirements (given in Table 

13) and is subject to global minimization by the PSADEA algorithm. The fitness function 

formula is given below: 

min 11max Gmax Imaxfit RG max( , 10) max(AR ,15) max(AR ,5).S= − + − + +  (25) 

In (8), RGmin and S11max represent the minimum RG and the maximum S11 found respectively 

over the 10 frequency samples of both bands, while ARGmax and ARImax represent the maximum 

values of AR found respectively over the 7 frequency samples of the L1 GPS band and over 

the 3 frequency samples of the Iridium band. The use of max(.) terms in the fitness formula 

ensures that, after the desired values of S11max, ARGmax and ARImax are reached, any 

improvement on them will not affect the fitness value, and the algorithm will solely focus on 

the maximization of RGmin. 

Table 14. Boundaries of optimized parameters. 

Parameter Lower Boundary Upper Boundary 

A 22.7 mm 53.1 mm 

B 21.5 mm 50.1 mm 

lm 0.5 mm 48 mm 

wm 0.5 mm 10 mm 

lf 0.5 mm 48 mm 

wf 0.5 mm 10 mm 

ϕr 27° 63° 

ls lm,cur + lf,cur + 2acur 1.4×(lm,cur + lf,cur + 2acur) 
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Table 15. Optimized parameters of the proposed antenna geometry. 

Parameter Value 

a 39.6 mm 

b 37.4 mm 

lm 7.1 mm 

wm 0.5 mm 

lf 1.1 mm 

wf 1.0 mm 

ϕr 30.9 degrees 

ls 94.3 mm 

 

7.4 Results 

The optimized antenna geometry extracted by the PSADEA algorithm is shown in Table 15. 

To validate the simulation results, the optimized antenna was fabricated by using Rogers 5880 

LZ laminate substrate provided by Rogers Corporation. The feeding was implemented by 

applying at the edge of the substrate an SMA connector, which was soldered to the feeding line 

of the patch antenna. A picture of the fabricated antenna is shown in Figure 49 (b). The 

electromagnetic characteristics of the fabricated antenna were experimentally measured in an 

anechoic chamber of the National Physical Laboratory (NPL) of the U.K. and compared to 

those of the simulated antenna. The comparison in terms of S11, RG and AR is shown 

respectively in Figures 50, 51 and 52.  From Figure 50 it is evident that both the simulated and 

fabricated antennas fulfill the requirement for S11 in both bands. Figure 51 presents the left-

hand circular polarization (LHCP) RG and the right-hand circular polarization (RHCP) RG of 

both the simulated and fabricated antennas. It is obvious that the antenna has RHCP, since the 

RHCP RG is much greater than the LHCP RG in both bands. Also, as shown in Figure 52, the 

antenna has better circular polarization in the Iridium band than in the L1 GPS band. 

Nevertheless, the requirements initially set for AR are fully met in both bands. AR can further 

be improved by implementing a simple C-type single feed technique on stacked microstrip 

antennas as presented in [150]. Finally, great similarity between the radiation patterns of the 

simulated and the fabricated antenna can be seen in Figure 53. 
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Figure 50. S11 of the simulated optimized geometry and the fabricated optimized geometry. 

 

 

Figure 51. RHCP and LHCP realized gain of the simulated optimized geometry and the fabricated optimized 

geometry. 
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Figure 52. Axial ratio of the simulated optimized geometry and the fabricated optimized geometry. 

 

    

         (a)             (b) 
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           (c)              (d) 

Figure 53. Normalized radiation patterns of the simulated optimized antenna and the fabricated optimized 

antenna (a) for  ϕ = 0o at 1.575 GHz, (b) for  ϕ = 90o at 1.575 GHz, (c) for  ϕ = 0o at 1.621 GHz, and (d) for  ϕ 

= 90o at 1.621 GHz. 

 

Figure 54. Polarization measurements - orientation #1. 
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Figure 55. Polarization measurements-orientation #2. 

 

Figures 54 and 55 show different orientations in which the proposed antenna was placed in 

order to obtain LHCP and RHCP measurements.  

7.5 Conclusion 

A dual-resonant elliptical patch antenna suitable for L1 GPS and Iridium applications has been 

optimized by using a state-of-the-art optimization technique called PSADEA. The optimized 

antenna is well-matched to a 50 Ω feeding source and provides RHCP with sufficient RG and 

AR in both bands according to the specified requirements. After all these, the proposed antenna 

may be considered as a good candidate for dual-band reception in wearable satellite 

applications. Finally, PSADEA is a robust technique capable of solving complex antenna 

design problems, which are subject to multiple requirements. 

 

 



 

Chapter 8 Radio propagation and coverage 

prediction 

8.1 Necessity of propagation prediction and modelling 

The last four decades have demonstrated a rapid development in the mobile communications 

as well as in digital broadcasting leading to an increase in number of end-users and increased 

demands for high quality-of-service (QoS). Mobile communications have observed transition 

from 1G to 5G services, while on the other hand broadcasting services have observed a 

switchover from analog to digital giving rise to new technologies like Digital Video 

Broadcasting (DVB-T/T2) and digital radio – Digital Audio Broadcasting (DAB). The 

transition of these technologies is a challenging task which makes it significant for radio 

engineers to develop systems that aid to these transitions and to meet the end-user requirements 

at minimal costs. Propagation prediction plays an important role as it provides radio engineers 

with an estimate of how radio waves propagate when obstacles are introduced. This provides a 

good estimation of the optimal placement of broadcasting and/or base stations to provide the 

best coverage with minimal interference, thereby improving QoS. Designing a model for the 

propagation channel which predicts the received signal strength provides  significant 

information to radio engineers. 

Several propagation models have been developed that predict the coverage at a required 

location. In addition to this, there are propagation models that can predict the path loss, 

shadowing and multi-path propagation and fading. The International Telecommunications 

Union (ITU) have been introduced by the United Nations (UN) and has the responsibility to 

maintain a database of telecommunication recommendations. For the purpose of propagation 

prediction and modelling, some of the most commonly used propagation models recommended 

by the ITU are P.1546 and P.526. Both these models are empirical models, where P.1546 is a 
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method for point-to-area prediction for terrestrial services in the frequency range of 30 MHz 

to 3 GHz, whereas P.526 is a method for propagation by diffraction. 

8.2 Radio propagation terminology 

8.2.1 Free-space propagation 

Radio waves propagate in free space at the speed of light (approximately 3 x 108 m/s) from a 

source into the surrounding area. Ideally, free space is a vacuum, however, a clear air can also 

be considered as a close approximation to this [151]. For mathematical analysis, an isotropic 

antenna which radiates power equally in all directions is considered as a reference. Therefore, 

in the case of an isotropic antenna acting as a transmitter or receiver free space path (FSPL) 

can be mathematically expressed as:  

32.44 20log 20logFSPL d f= + +  (26) 

Where, 

FSPL= free space path loss in dB 

d = path length in km 

f = frequency in MHz 

The link loss is measuring of the difference of the transmitted power and the received power 

on a point-to-point system.  The link loss can be measured as: 

   t r mLink Loss FSPL G G L= − − +  (27) 

where, 

 

FSPL = free space loss in dB 

Gt = Gain of transmitting antenna in dBi (relative to the reference isotropic antenna) 

Gr = Gain of receiving antenna in dBi 

Lm = miscellaneous losses in dB (connector loss and feeder loss) 
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8.2.2 Equivalent isotropic radiated power 

Generally, in radio systems, the transmission performance is mostly measured in terms of 

Effective Radiated Power (ERP). The calculation of ERP for any station is performed with the 

assumption that it is calculated with respect to the half-wave dipole as the reference antenna. 

ERP determines the excess power radiated by the antenna system when compared to the case 

where the simple half-wave dipole is considered for transmission [151, 152] . The power 

received by the antenna can also be represented as: 

r tP P link loss= −  (28) 

r t t r mP P G G L FSPL= + + − −  (29) 

ERP is the sum of power transmitted and the power radiated by an antenna, including the 

miscellaneous losses. Therefore, the ERP can be mathematically expressed in dB as: 

t t mERP P G L= + −  (30) 

ERP is also represented as W, dBW or dBm. Transmitted power and the received power in the 

above equations is expressed in terms of dBW or dBm. 

If the isotropic source antenna is considered as the reference instead of the half-wave dipole, 

ERP is then referred to as Equivalent Isotropic Radiated Power (EIRP). The gain of the dipole 

compared to the isotropic antenna is approximately 2.15 dB and thus EIRP can be 

mathematically expressed as: 

( ) 2.15EIRP dBW ERP= +   (31) 

8.2.3 Relation between power density and electric field strength 

Point-to-area is a term referred when transmission is performed by a central antenna to 

receivers that are spread throughout an area. This area is referred to as the coverage area. Radio 
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broadcasting, television broadcasting, (bi-directional) digital mobile communications are some 

most common examples of point-to-area transmission. In order to predict television 

broadcasting coverage , it is important to assume that the receiving antennas are placed on the 

rooftop of buildings or houses at around 10m higher. In addition to this, the receiving antennas 

should be highly directional and should also point towards the transmitting station in order to 

receive sufficient signal. However, in case of television broadcasting the received signal level 

by the receiving antennas should be approximately -50 dBm to ensure clear picture delivery to 

the consumers. This signal level is higher compared to other transmissions as the bandwidth of 

television is around 8 MHz which is wider compared to other transmitting systems. The power 

density is directly proportional to the electric field (V/m) and the magnetic field (A/m) of the 

electromagnetic wave. The power density (Pd) of an electromagnetic wave can be 

mathematically expressed as:   

2( / )dP E H W m=   (32) 

In the case of free-space propagation, intrinsic impedance is defined as the ratio of the 

electric field and the magnetic. This ratio is mathematically expressed as: 

120E H=  (33) 

Thus, the power density can be expressed in terms of electric field as: 

2

120
d

E
P


=  

(34) 

Therefore, the electric field can also be calculated using the power density as: 

2

30
( / ) 120 120

4

t t t t

d

PG PG
E V m P

rr
 


= = =  

(35) 

where, electric field is measured in V/m and the distance ‘r’ is measured in meters. However, 

the electric field strengths measured for radio propagation are usually very small and thus μV/m 

is commonly used. Also, the distances are usually large in case of radio propagation predictions 
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and thus they are usually measured in kilometers (km). Therefore, the above equation can be 

transformed in order to find the electric field strength in μV/m as: 

( / ) 5480
t tPG

E V m
d

 =  

(36) 

Furthermore, in order to simplify the calculation of electric field strength, PtGt can be assumed 

as 1000 W transmitted through a half-wave dipole, which results in the simplified value of PtGt 

of 1640. Thus, the above equation is transformed as: 

1640 222000
( / ) 5480E V m

d d
 = =  

(37) 

The electric field strengths are usually expressed in logarithmic units and thus can be expressed 

as: 

222000
( / ) 20log 106.9 20logE dB V m d

d


 
= = − 

 
 

(38) 

d= distance in km 

Furthermore, the received power by an isotropic antenna in dBm can also be calculated using 

the electric field strength as: 

( ) ( / ) 20 log ( ) 77.2rP dBm E dB V m f MHz= − −  (39) 

8.2.4 Line-of-sight (LOS) and non-line-of-sight (NLOS) propagation 

Unlike, high frequency (HF) waves which are little affected by obstructions, the very-high 

frequency (VHF) and ultra-high frequency (UHF) waves can get seriously affected by 

obstacles, atmospheric changes, reflections and diffractions due to buildings, vegetation and 

other objects. LOS propagation is a phenomenon where the radio waves travel from the 

transmitting antenna to the receiving antenna in a straight line without any obstacles in 
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between. Mobile communications, FM radio and satellite transmissions are the most common 

examples where LOS propagation is used.  

 

Unlike LOS, the NLOS propagation occurs when the there is an obstruction in the propagation 

path between the transmitting antenna and the receiving antenna. In such cases, the signal is 

received by the receiving antennas after undergoing several reflections or diffractions and thus 

an attenuated signal is received at the receiving end. NLOS can also be useful in the case of 

mobile communications where the signal transmitted from a base station can reach the user at 

ground level after undergoing several reflections and/or diffractions on buildings and other 

obstacles as shown in figure 57 [153].  

 

 

Figure 57. NLOS propagation(http://www.rfwireless-world.com/Terminology/LOS-vs-NLOS-wireless-

channel.html). 

Figure 56. LOS propagation (http://www.rfwireless-world.com/Terminology/LOS-vs-NLOS-wireless-

channel.html). 
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8.3 Fresnel zones and clearance requirements 

The Fresnel ellipsoid is an ellipsoid that surrounds the radio propagation path between the 

transmitting and receiving points. The operating frequency and the distance between the 

transmitting and receiving antenna plays a significant role in determining the size of the Fresnel 

ellipsoid. The signal from the transmitting antenna can travel to the receiving antenna in a direct 

path or through several reflections or diffractions. Fresnel zones play an important role in 

calculating the losses due to reflections and diffractions. These zones are referred as F1, F2, F3 

and so on as shown in Figure 58. Usually, the first three Fresnel zones are used for calculations, 

however, there is no specific limit for the number of Fresnel zones that exist between a 

transmitter and a receiver. 

 

Figure 58. Fresnel zones between the transmitter and receiver [151]. 

As suggested in [151], zero diffraction loss can be obtained if the Fresnel parameter “v” is not 

more than -0.8. The radius of the first Fresnel zone is mathematically expressed as: 

1 2

1 2

d d
R

d d


=

+
 

(40) 

where, 

λ = wavelength of the signal 
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D = d1 +d2 =distance between the transmitter and the receiver in km. 

Therefore, in terms of frequency in MHz, the expression can be rewritten as: 

1 2

1 2

550
( )

d d
R

d d f
=

+
 

(41) 

The value of the radius will be maximum if d1=d2=d/2, hence the maximum radius can be 

expressed as: 

max 275
d

R
f

=  

(42) 

The radius of the Fresnel zone provides information about the Fresnel zone clearance level. If 

the ratio of the radius of the Fresnel zone and its clearance from obstacles is more than 60%, it 

is concluded that the transmitter is in LOS with the receiver with no diffraction loss.  

8.4 Diffraction through obstacles 

The radio propagation path between the transmitter and the receiver is not always LOS. Radio 

engineers also need to predict the signal strength in the shadow of obstacles. Obstacles cause 

diffraction and predicting the signal strength in such cases is a very challenging task. Therefore, 

this section will introduce to the types of diffraction and mathematical models that can be used 

to predict signal strength in such cases.  

8.4.1 Single knife-edge diffraction 

A simple case where the receiver lies in the shadow of a perfectly absorbing obstacle is defined 

as a knife-edge and the diffraction caused to radio waves by this knife-edge is termed as knife-

edge diffraction. Figure 59 shows the case where a radio wave transmitted by the transmitter 

towards the receiver hits perpendicular to the knife-edge. In such cases, the signal strength can 

be predicted in the obstacle shadow relative to the case without obstacle. Diffraction loss is 
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defined as the ratio of the signal strength without the obstacle to the signal strength with the 

obstacle. Two factors that significantly affect diffraction loss are the geometry of the path and 

the frequency of operation. All the factors responsible for the diffraction loss can be combined 

in a single parameter, which is known as Fresnel parameter.  

 

Figure 59. Knife-edge diffraction geometry [151]. 

The Fresnel parameter “v” is mathematically expressed as: 

 

1 2

2 1 1
v h

d d

 
= + 

 
 

(43) 

The diffraction loss is approximated in terms of Fresnel parameter as: 

( )( )2
( ) 6.9 20log 0.1 1 0.1Diffraction Loss dB v v= + − + + −  

(44) 

This relation is also shown in Figure 60. 

This graph suggests that diffraction loss is 6 dB when the Fresnel parameter is 0. It states that, 

the signal strength will be reduced by 6 dB as the receiver approaches to the shadow boundary 

of an obstacle. Also, the Fresnel parameter must be approximately -0.8 in order to ignore the 

diffraction loss as it gets reduced to zero. 
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Figure 60. Relation of diffraction loss in dB as a function of the Fresnel parameter [151]. 

However, in cases where the receiver point is deep in the shadow of an obstacle, then the 

diffraction loss can be expressed as: 

( ) 13 20logDiffractionloss dB v= +  (45) 

The above equation predicts the diffraction loss accurately for cases where v > 1.5. 

The mathematical expression to calculate the Fresnel parameter clearly suggests that the 

Fresnel parameter is directly proportional to the height “h” shown in Figure 59 and directly 

proportional to the square root of frequency “f”. This suggests that if the frequency is low, then 

the Fresnel parameter will be low as well. Thus, for the case of radio waves, the lower 

frequencies will be able to penetrate deeper in the obstacle shadow. Figure 61 shows the 

relation of the Fresnel parameter and relative signal strength (in dB). 
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Figure 61. Relative signal strength (in dB) versus Fresnel parameter [151]. 

 

8.4.2 Multiple knife-edge diffraction 

The introduction of a second or more knife edges in the shadow of a single-knife edge, makes 

it challenging to predict the additional loss introduced by the second knife-edge. The 

calculation then requires the evaluation of a two-dimensional integral of Fresnel equation in 

the case of two knife-edges. Similarly, for the cases where there are n knife edges, the 

evaluation of n-dimensional integral is required. These calculations are very complex and thus 

several approximation methods are used like the Bullington method [154], the Deygout method 

[155] and the Epstein-Peterson method [156]. A comparison of these three approximate models 

are shown in the next section. 

8.4.2.1 The Bullington method 

The Bullington method tries to reduce multiple-knife edges to a single knife-edge. This is done 

by extending lines from the transmitter and the receiver through the tip of the knife-edges that 

form the maximum angle of elevation. The intersection of these two lines is the location of an 

imaginary equivalent single knife-edge. Then, calculations can be performed by using the 

equations for a single knife-edge. However, [157] suggests that any other knife edges with 
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lower angle of elevation are ignored, and thus ignoring the knife edges may lead to 

underestimating the diffraction loss. The Bullington method of approximation can be visualised 

in Figure 62.  

 

Figure 62. The Bullington model approximation [151]. 

8.4.2.2 The Epstein-Peterson method 

The Epstein-Peterson method approximates the multiple knife-edge scenario by multiple hops 

as shown in Figure 63. The computation of total diffraction loss is done by the addition of 

losses caused due to every diffracting edge of the hop. The single-knife edge equations are used 

in this approximation method. This method provides better accuracy compared to the 

Bullington approximation method, however, it has the drawback of overestimating the path 

loss [151, 156].  

 

Figure 63. Epstein-Peterson method of approximation [151]. 



132 Radio propagation and coverage prediction 

 

 

8.4.2.3 The Deygout method 

The Deygout method is similar to the Epstein-Peterson method. However, the results obtained 

from the Epstein-Peterson method and the Deygout method are different. In this method, first 

step is to detect the most dominant edge. In other words, the obstacle with the largest Fresnel 

parameter value is the most dominant edge. The diffraction loss due to this obstacle is then 

calculated assuming that it was the only edge present. Followed by this calculation, the 

dominant edge divides the path into two sub-paths. The calculation of this sub-path is 

performed by following the Epstein-Peterson method. After calculating all the sub-path losses, 

the total diffraction loss is calculated by adding the diffraction loss of the dominant edge and 

all the sub-path losses [151, 155].   

 

Figure 64. The Deygout method of approximation [151]. 

  

8.5 Path loss prediction models 

The path loss of a radio wave is usually characterised using empirical radio propagation models 

that make use of the data obtained by measurements and observation in various types of 

scenarios. The propagation models that are used in ICS Telecom software and Radio Mobile 

are described in this section. 
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8.5.1 The Longley Rice model 

The Longley Rice Model, also known as Irregular Terrain Model (ITM) was developed by the 

National Telecommunications and Information Administration – Institute for 

Telecommunication Sciences (NTIA-ITS). In USA, the Federal Communications Commission 

(FCC) standardized this model to be used for TV broadcasting channel allocation applications. 

This model can be used for radio propagation in the frequency range from 20 MHz to 20 GHz, 

for distances between 200 km to 5000 km and heights between 0.5m to 3000m. It is based on 

electromagnetic theory and statistical analysis of terrain features and radio measurements. It is 

formulated to predict median attenuation of radio signals as a function of distance as well as 

the losses introduced due to refraction and clutter. The parameters that are required for this 

model are: 1. Frequency, 2. ERP (Effective Radiated Power), 3. Height of the antenna, 4. 

Antenna polarization, 5. Refractivity, 6. Permittivity, 7. Conductivity of the surface, 8. Earth’s 

curvature and 9. Situation and time variability [158, 159]. 

8.5.2 The Okumura-Hata-Davidson Model 

The Okumura-Hata-Davidson model is derived originally from Okumura-Hata [160] in order 

to provide wider range of input parameters like height, distance and frequency. The path loss 

can be calculated using Okumura-Hata-Davidson model using mathematical equations shown 

in [158] as: 

1 1 2 1 3 4( , ) ( ) ( , ) ( ) ( , )OHD Hata km km km MHz MHz kmPL PL A h d S d S h d S f S f d= + − − − −
 

(46) 

Where,  

PLOHD = path loss by Okumura-Hata-Davidson model 

PLHata = path loss by Okumura-Hata model 

h = height in meters 

f = frequency in MHz 

d = distance in km 
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1 2 169.55 26.16log 13.82log ( ) (44.9 6.55log ) logHata MHz kmPL f h a h h d= + − − + −   (47) 

 

where, a(h2) represents mobile antenna height correction factor and can be mathematically 

presented as: 
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(48) 

The expressions of other parameters involved in the path loss equation are: 
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(53) 

In the above equations, the carrier frequency can range from 30 MHz to 1500 MHz; base station 

antenna height can vary from 20m to 2500m; mobile station antenna height can vary from 1 m 



8.5 Path loss prediction models 135 

 

to 10m and the distance of transmission can vary from 1 km to 3000 km. The terms “A” and 

“S1” are used for distance extension of 300km. The correction factor for base station antenna 

height “h1” is referred as S2. Lastly, the correction factors responsible to extend the frequencies 

upto 1500 MHz are “S3” and “S4”. 

At the receiving antenna, the expression of the electric field strength is: 

 

( / ) ( ) ( ) 20log 109.35OHD MHzE dB V m ERP dBW PL dB f = − + +  (54) 

8.5.3  The ITU-R P.1546 model 

The ITU-R P.1546 is a propagation model recommended by International Telecommunications 

Union (ITU). This model applies to prediction of point to area transmission in the frequency 

range from 30 MHz to 3000 MHz for terrestrial service applications. It performs the 

interpolation or extrapolation of empirical data obtained for field strength as a function of path 

distance, antenna height and the percentage of time. There are some conditions that are implied 

for this model: 

1. It should be noted that the propagation curves that present field strength values are for              

1 kW ERP and include several input parameters. Additionally, the data collected was the result 

of measurements performed in two climate seasons and therefore, considerable difference can 

be seen if measurements are performed in other climatic conditions. 

2. The maximum field strength values are valid only if the specific conditions are used. 

3. The minimum value of the effective receiver mobile station antenna height should be 10m 

above the ground around the mobile station antenna. 

4. For this model, the loss from transmitter to receiver is not equal to the loss from receiver to 

transmitter, and thus it suggests that this is a non-symmetrical model. 
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8.5.4 The ITU-R 525/526 model 

ITU-R 525/526, also known as “Propagation by Diffraction”, uses the free-space path loss 

(FSPL) equation as described in ITU-R525 recommendation and as stated in equation 26. This 

model is recommended to use for DVB-T/T2 transmission with the combination of Deygout 

94 diffraction model as it considers the three dominant obstructions in the Fresnel zone for the 

calculations. 

 

Figure 65. Three dominant obstructions considered in ITU-R P.525/526 with Deygout 94 mode [151]. 
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8.6 Measurement campaigns 

In total, two measurement campaigns were carried out from 2017-2019 in order to determine 

the electric field strengths at different points from broadcasting transmitters. Both the 

measurements were carried out in Huddersfield, UK. This section provides details about the 

transmitters involved in these campaigns. 

8.6.1 Emley Moor DTV transmitting station 

Emley Moor DTV transmitting station, also known as the Arqiva tower, is the tallest free-

standing structure in the United Kingdom. It is 330.4m tall and is located in Emley, 7.2 miles 

from the University of Huddersfield. The geographical coordinates of this station are Lat. 

N53.612049° Long W1.664439°. It can cover almost all the major parts of Northern England 

with the help of a number of relays. The campaign involved measuring received signal strength 

from this transmitting station at four different locations in Huddersfield: 1. Castle Hill, 

Huddersfield (Lat. N53622312°, Long. W1.772157°) at the ground level, 2. Castle Hill Victoria 

top platform at 35m above the ground, 3. Holme Moss  (Lat. N53.531919°, Long. W1.852700°) 

and 4. Greenhead park. The measurement points were selected such that all of them provided 

LOS path to the transmitting station in Emley Moor. A picture of the Emley moor broadcasting 

tower is shown in Figure 66. 

 

Figure 66. Emley Moor broadcasting tower. 
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Emley Moor broadcasting tower provides several TV and radio services which are listed 

below: 

8.6.1.1 Analogue Radio (FM) services 

Table 16. Analog radio FM services provided by Emley Moor broadcasting station. 

Frequency (MHz) Radiated power (kW) Service 

105.1   2.55 Capital Yorkshire 

106.2  2.35 Heart Yorkshire 

8.6.1.2 Digital radio (DAB) services 

Table 17. Digital radio DAB services provided by Emley Moor broadcasting station. 

Frequency (MHz) Block Radiated power (kW) Operator 

216.928 11A 10 Sound Digital 

222.064  11D 8.5 Digital One 

225.648  12B 10 BBC National DAB 

229.072  12D 5 Leeds 

8.6.1.3 DTV (DVB-T/DVB-T2) services 

Table 18. DTV (DVB-T/DVB-T2 services provided by Emley Moor broadcasting station. 

Frequency (MHz) Channel Radiated Power (kW) Operator System 

562.000   32 54.8 COM7 (ARQ C) DVB-T2 

578.000   34 51.1 COM8 (ARQ D) DVB-T2 

634.000   41 174 PSB3 (BBC B) DVB-T2 

658.000   44 174 PSB2 (D3 & 4) DVB-T 

682.000   47 174 PSB1 (BBC A) DVB-T 

690.000   48 174 COM6 (ARQ B) DVB-T 

714.000   51 174 COM4 (SDN) DVB-T 

722.000   52 174 COM5 (ARQ A) DVB-T 

754.000   56 5 LTVmux DVB-T 
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Table 19. System configurations of Emley Moor broadcasting station. 

Frequency Channel Encoding Modulation Technology  Antenna Electrical 

tilt 

562.000   32 MPEG 4 256 QAM Solid State S1 NO 

578.000   34 MPEG 4 256 QAM Solid State S1 NO 

634.000   41 MPEG 4 256 QAM IOT S1 NO 

658.000   44 MPEG 2 64 QAM IOT S1 NO 

682.000   47 MPEG 2 64 QAM IOT S1 NO 

690.000   48 MPEG 2 64 QAM Solid State S2 YES 

714.000   51 MPEG 2 64 QAM IOT S2 YES 

722.000   52 MPEG 2 64 QAM Solid State S2 YES 

754.000   56 MPEG 2 QPSK Solid State DIR NO 

 

COM in the above table refers to commercial operators, PSB refers to the Public Service 

Broadcast that comprises of public stations. Some of the examples of PSB are BBC and ITV. 

DVB-T technology is used to transmit Standard Definition (SD) channels whereas the DVB-

T2 technology is used to transmit High-Definition (HD) channels. IOT stands for inductive 

output tube, a technology that utilises valve power amplifiers for radio wave amplification. 

Solid state technology and the IOT technology in this station both provide an output power 

around 12kW-14kW. Therefore, for the simulation study, an average power of 13 kW was 

assumed for the calculations for both the cases. 

This broadcasting station comprises of three antenna arrays: S1, S2 and S3. Mostly, S1 and 

S2 are used for transmission, while S3 array is kept on stand-by. These antenna array 

comprise of Katherein antenna panels in four directions. The transmitter antenna provides a 

gain of approximately 12.15 dBi, that is equivalent to 10 dBd, after including coaxial feeder 

loss. S1 array beams towards the horizon whereas S2 array implements a few degrees of 

downward electrical tilt. 

8.6.2 Belmont DTV Transmitter 

Belmont DTV transmitter is located on the B1225 route near Donnington of Bain in the 

Lincolnshire region. It is coordinated at Lat. N53.335844 Long. W0.171980 and is owned and 

operated by Arqiva. The antenna is located at 351.7m above sea level. It used to be one of the 
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tallest structures within the European Union with a height of 387.7m, however, in April 2010, 

the height of the antenna mast was shortened which lead to its reduced height of 351.7m. It is 

still the 14th highest structure in the European Union and is 2nd highest structure in the United 

Kingdom. It is responsible to provide digital TV, analogue and digital radio to the Lincolnshire, 

eastern Yorkshire, northern parts of Norfolk and a few parts of Nottinghamshire. After the 

switchover from analogue to digital, the Belmont transmitting station transmits at 50 kW for 

Mux A, 100 kW for Arqiva A & B and 150 kW for BBC. A picture of Belmont’s transmitting 

tower is shown below: 

 

Figure 67. Belmont transmitting station. 
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Figure 68. Antenna mast of the Belmont's transmitting tower. 

The path profiles and the electric field strengths of the transmitted signal from this broadcasting 

station were measured at different locations, which are listed in the results section. 

Some of the services provided by these transmitting stations are listed in the tables below: 
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8.6.2.1 UHF DTV services 

Table 20. UHF DTV services provided by Belmont transmitting station. 

Frequency (MHz) UHF Channel Radiated Power (kW) Operator System 
482 22 150 BBC A DVB-T 

506 25 150 Digital 3 & 4 DVB-T 

522 27 5 Local TV DVB-T 

530 28 150 BBC B DVB-T2 

545.833 30- 50 SDN DVB-T 

570 33 37.1 Arqiva C DVB-T2 

586 35 40.9 Arqiva D DVB-T2 

730 53 100 Arqiva A DVB-T 

786 60 100 Arqiva B DVB-T 

8.6.2.2 Analog Radio (FM VHF) services 

Table 21. Analog radio-FM VHF services provided by Belmont transmitting station. 

Frequency (MHz) Radiated Power (kW) Service 

88.8 8 BBC Radio 2 

90.9  8 BBC Radio 3 

93.1  8 BBC Radio 4 

94.9 3 BBC Radio Lincolnshire 

98.3  8 BBC Radio 1 

100.5  3.1 Classic FM 

102.2  3.2 Lincs FM 

8.6.2.3 Digital radio (DAB) 

Table 22. Digital radio (DAB) services provided by the Belmont transmitting station. 

Frequency (MHz) Block Radiated power (kW) Service 

215.072 12A — MuXCo Lincolnshire 

216.928  11A — Sound Digital 

222.064  11D 5 Digital One 

225.648  12B 5 BBC National DAB 
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8.7 Simulation Setup 

The results obtained from measurement campaigns were used to compare with the results 

obtained by simulation software using different propagation models like Longley Rice, 

Deygout 94, Epstein Peterson, Bullington model, ITU-R P.1546 and Okumura-Hata Davidson. 

Simulations were performed using three simulation softwares: 1. ATDI ICS Telecom 

(commercial software), 2. Radio Mobile (freeware software) and 3. Home developed 

propagation models in Matlab. The simulation setup is described in this section. All simulations 

were performed on an 8-core Intel i7-5960X processor at 3 GHz, with 64 GB RAM memory. 

8.7.1 ICS Telecom 

The measurement setup was duplicated in the ICS Telecom software by placing the Emley 

Moor station and other measurement points on the United Kingdom map with respective 

latitude and longitude coordinates.  

 

Figure 69. Emley Moor measurement campaign setup in ICS Telecom 
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It should be noted that before placing the stations on the ICS Telecom software, a digital 3D 

elevation model layer of “.GEO” format for the United Kingdom needs to be added to the 

project file. Additionally, the clutter file is also added to the project in order to provide the 

details of clutters including several obstacles like vegetation, buildings etc. to the ICS project. 

Both these layers will help in providing accurate simulation results. The Emley Moor 

transmitter configuration is setup in the software as shown in Figure 70. 

 

Figure 70. Emley Moor transmitting station configuration. 

The actual transmitting antenna configurations were setup in the simulation software including 

its radiation patterns, gain and polarization. In this case, the nominal power was set to 13.8 kW 

and the antenna height of 300 m was selected. The frequency of interest and the propagation 

model can be selected as required. Additionally, this antenna was set to provide horizontal 

polarization for transmitting and receiving end and a gain of 13.15 dBi. The setup of antenna 

pattern in ICS software is shown in Figure 71 and it is omni-directional. 
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Figure 71. Setup for antenna pattern configuration in ICS. 

Similar to Emley Moor configurations, the setup replicating the measurement campaign for 

Belmont broadcasting station was implemented in ICS Telecom as shown in Figure 72.  

 

Figure 72. Belmont measurement campaign setup in ICS Telecom. 
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8.7.2 Radio mobile  

One of the aspects of this study, is to compare ICS Telecom (a commercial software by ATDI) 

and Radio Mobile by simulating coverage using different propagation models. Therefore, a 

similar setup for Emley Moor TV transmitter and Belmont transmitter was implemented in the 

Radio Mobile software by adding both the transmitters and the measurement points on the 

United Kingdom map. The Radio Mobile software is a freeware that was introduced by Roger 

Coudé, a radio amateur from Canada. However, this software is capable to simulate and 

perform propagation calculations only by using NTIA-ITS Longley Rice Model (Irregular 

Terrain Model). On the other hand, ICS Telecom provides a wide range of propagation models 

to use for propagation calculations. A comparison of the propagation calculations using 

different propagation models in ICS Telecom and Radio Mobile with measurements is 

demonstrated in the results section. Radio Mobile makes use of elevation data that is made 

publicly available by NASA’s SRTM mission.  

8.7.3 Matlab algorithm for propagation prediction 

Two matlab algorithms were developed previously by University of Huddersfield and Brunel 

University that perform calculations for path profiles using the Deygout and Epstein-Peterson 

propagation models. The idea of this collaboration was to compare the propagation models 

provided by ICS Telecom and Radio Mobile with the algorithms developed by the collaborators 

and the measurement data. Similar to Radio Mobile, these algorithms make use of the SRTM 

data for terrain elevation provided by the National Aeronautics and Space Administration 

(NASA) in order to estimate the path profile between two stations. These algorithms require 

the user to provide a few input parameters like: frequency of operation, transmitter power, 

height of the transmitting antenna, height of the receiving antenna, name of the transmitter, 

latitude and longitude of the transmitter and receiver.  

The algorithm then performs calculations according to the propagation model selected after 

considering the number of knife-edges as well as the elevation conditions. 
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Furthermore, several calculations were performed similarly for both the measurement 

campaigns. The comparison of the results obtained from these algorithms is shown along with 

the comparison with results from ICS Telecom, Radio Mobile and actual measurement data in 

the next section. 
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8.8 Results and discussion 

This section provides the comparison of the results obtained from the actual measurement 

campaign, ICS, Telecom, Radio Mobile and Matlab algorithms for the measurement 

campaigns: 1. Emley Moor transmitter, and 2. Belmont transmitter. 

8.8.1 Emley Moor DTV transmitter 

8.8.1.1 Electric field strength comparison at three locations 

The signal strength of the Emley Moor transmitter was measured at: 1. Victoria Tower-Top of 

Castle Hill, 2. Greenhead Park and 3. Holme Moss. The signal strengths measured were in 

dBμV, thus they need to be converted to electric field strengths (dBμV/m). This can be done 

with the help of the antenna factor used for the reception. For this campaign, a 10-dipole Iskra 

P20 LPDA was used for reception. By adding the antenna factor to the measured signal 

strength, the electric field strength is calculated.  

Table 23 shows the signal strength and electric field strength of the signal from Emley Moor 

broadcasting station at Victoria top of Castle Hill, Greenhead park and Holme Moss. The 

average transmitter power of 13 kW and an antenna gain of 12.5 dBi were considered for these 

measurements. The measurements were recorded at the three locations for 8 TV channels 

ranging from 562 MHz to 754 MHz.  

In table 23, column 2 shows the details of the transmitter and the channel number and its 

respective center frequency. The table suggests that very strong signal is received from Emley 

Moor tower to all the three locations. However, it is observed that electric field strength is 

higher in the case of Victoria Tower and Holme Moss compared to Greenhead park. The reason 

for this is because Castle Hill and Holme Moss are situated high above the ground level and 

thus receive higher electric field strength compared to Greenhead park. 
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Table 23. Measured electric field strength of the signal from Emley Moor broadcasting station to the 3 locations 

in Huddersfield region. 
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8.8.1.2 Emley Moor to Victoria Tower (Castle Hill top) 

This section presents: 1. comparison of the electric field strength to the free-space calculations 

and 2. comparison of path profiles using ICS Telecom, Radio Mobile and Matlab algorithm 

from Emley Moor to Victoria tower. 

8.8.1.2.1 Electric field strength comparison with free-space 

Table 24. Comparison of measured electric field strengths and free-space loss at Victoria tower top. 

 

The comparison of the electric field strength with free-space loss is shown in Table 24. Data 

from table 24, shows that a weaker signal is obtained from channel 32, channel 34 and channel 

41 compared to the other channels with higher frequencies. The possible reason for this may 

be due to the different antenna systems involved in broadcasting. In this case, S1 and S2 array 

are used for broadcasting for DTV broadcasting. It is known that the S2 antenna array provides 

No. Channels 

Emley Moor DTV 

DVB-T/T2 

LAT.: 53.612049 N 

LONG.: 1.64439 W 

Altitude 256m 

Frequency E(dBμV/m) received at 

Victoria Tower Top 

Difference 

(dB) 

Measurements Free 

space 

1 Channel 32 562 MHz 105 110.9 -5.9 

2 Channel 34 578 MHz 105.4 110.9 -5.5 

3 Channel 41 634 MHz 104.2 110.9 -6.7 

4 Channel 44 658 MHz 108.7 110.9 -2.2 

5 Channel 48 690 MHz 113.7 110.9 2.8 

6 Channel 51 714 MHz 111.5 110.9 0.6 

7 Channel 52 722 MHz 109 110.9 -1.9 
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a slight electrical down tilt while the S1 antenna array points the beam to the horizontal 

direction.   

8.8.1.2.2 Path profile comparison 

The path profiles from Emley Moor tower to Victoria tower simulated in Radio Mobile, ICS 

Telecom, and matlab are shown in Figures 73, 74 and 75 respectively. 

 

Figure 73.Path profile from Emley Moor to Victoria tower top in Radio Mobile. 
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Figure 74. Path profile from Emley Moor to Victoria tower top in ICS Telecom. 
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Figure 75. Path profile from Emley Moor to Victoria tower top using Matlab. 

The path profiles from Figure 73, 74 and 75 suggest that all three simulations predict the path 

profile between Emley Moor and Victoria Tower correctly. They clearly demonstrate that there 

are no obstacles in their path and thus propagation in this case can be suggested to follow LOS. 

Thus, all three simulations present elevation data accurately. 
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8.8.1.3 Emley Moor to Holme Moss 

Similar to the previous section, this section also presents: 1. Comparisons of electric field 

strength and free-space field-strength and 2. Comparison of path profiles from the Emley Moor 

broadcasting station to Holme Moss. 

8.8.1.3.1 Actual electric field strength comparison with free-space 

Table 25. Comparison of the measured electric field strength with free space field-strength at Holme Moss. 

 

In this case of reception at Holme Moss, the observation is completely opposite as compared 

to the reception at Victoria Tower. It was observed that stronger signals were received for 

Channels 32, 34, 41 and 44 compared to the remaining channels. The reason for this is that S1 

antenna array does not provide any electrical tilt and thus the beam faces the horizontal 

direction. It is well known that Holme Moss is positioned in a straight line to the Emley Moor 

tower without practically any tilt. 
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8.8.1.3.2 Path profile comparison 

The path profiles from Emley Moor tower to Victoria tower simulated in Radio Mobile 

software, ICS Telecom and matlab algorithm is shown in Figure 76, 77 and 78 respectively. 

 

Figure 76. Path profile from Emley Moor to Holme Moss in Radio Mobile. 
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Figure 77. Path profile from Emley Moor to Holme Moss in ICS Telecom. 
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Figure 78. Path profile from Emley Moor to Holme Moss using Matlab. 



158 Radio propagation and coverage prediction 

 

The path profiles predicted by Radio Mobile, ICS Telecom and Matlab algorithm from Emley 

Moor to Holme Moss suggests that the no obstacles are observed between their path and thus 

they demonstrate LOS propagation. Also, it is observed that there is almost no electrical tilt 

(approximately 0.26 degrees) between them and thus they face horizontally straight to each 

other. 
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8.8.1.4 Emley Moor to Greenhead park 

This section provides: 1. Comparison of electric field strength and free-space field-strength and 

2. Comparison of path profiles from Emley Moor broadcasting station to Greenhead Park. 

8.8.1.4.1 Electric field strength comparison with free-space 

 Table 26. Comparison of the measured electric field strength with the free-space and other simulated values 

obtained by other propagation models. 

 

Table 26 suggests that the Electric field strength values predicted by Deygout 94 are closer to 

the measured electric field strength values, while Longley-Rice model has a higher difference 

in the values compared to the Deygout 94. 

No. Channels 

Emley Moor 

DTV 

DVB-T/T2 

LAT.: 

53.612049 N 

LONG.: 

1.64439 W 

Altitude 256m 

Frequency E(dBμV/m) received at Victoria Tower Top 

Measurements Free 

space 

Longley-

Rice (ICS 

Telecom) 

Deygout 94 

(ICS 

Telecom) 

1 Channel 32 562 MHz 94.8 108.4 81.6 99.3 

2 Channel 34 578 MHz 98.7 108.4 81.2 99.3 

3 Channel 41 634 MHz 99.0 108.4 79.9 99.2 

4 Channel 44 658 MHz 99.2 108.4 79.4 99.1 

5 Channel 48 690 MHz 103.7 108.4 78.8 99.0 

6 Channel 51 714 MHz 102.5 108.4 78.3 99.0 

7 Channel 52 722 MHz 103.4 108.4 78.1 99.0 
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8.8.1.4.2 Path profile comparison 

The path profiles from Emley Moor tower to Greenhead Park simulated in Radio Mobile, ICS 

Telecom and Matlab are shown in Figure 79, 80 and 81 respectively. 

 

Figure 79. Path profile from Emley Moor to Holme Moss using Radio Mobile. 
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Figure 80. Path profile from Emley Moor to Holme Moss using ICS Telecom. 
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Figure 81. Path profile from Emley Moor to Holme Moss using Matlab algorithm. 

The path profile predicted by Radio Mobile, ICS Telecom and Matlab algorithm suggests that 

LOS propagation is observed as there are no obstacles in their path. Additionally, a downward 

electrical tilt is observed between them. 
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8.8.1.5 Emley Moor transmitter coverage 

 

Figure 82. Official UK coverage provided by Freeview TV web source [161].  
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Figure 83. Predicted Emley Moor transmitter coverage using Deygout 94 (threshold as 45 dBμV/m).. 
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Figure 82 shows the official coverage of the Emley Moor transmitter released by Freeview web 

source. Freeview is one of the UK’s brand that provides DTV services in major parts of the 

country. This image was used to compare it with the Emley Moor transmitter coverage 

predicted by the ICS Telecom software.  Deygout 94 model was used to predict this coverage. 

The simulation also included sub path attenuation loss in order to improve the simulation 

accuracy. Furthermore, for this simulation, Fresnel significant fraction of 0.6 was considered. 

The coverage was calculated from 175 kms from the Emley Moor transmitter in all the 

directions, where the reception threshold was set to 45 dBμV/m as shown in Figure 83. The 

zones with red, orange and yellow colour represent area that receives strong electric field 

whereas the zones with white and blue colour represents lowest reception of electric field 

strength. After comparing Figure 82 and Figure 83, it can be stated that the predicted coverage 

of Emley Moor transmitter resembles very close to the official coverage provided by Freeview. 

It can also be concluded that the Emley Moor transmitter covers almost all the parts of 

Yorkshire and Lancashire, in addition to some parts of Lincolnshire, Teesside and 

Northumberland.  
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8.8.2 Belmont Transmitter 

8.8.2.1 Electric field strength comparison at 2 locations 

The signal strength of the Belmont transmitter was measured at: 1. Victoria Tower, and 2. 

Greenhead Park. The signal strengths measured were in dBμV, thus they need to be converted 

into electric field strengths (dBμV/m). This can be done with the help of antenna correction 

factor of the receiving antenna. For this campaign, a 10-dipole Iskra P20 LPDA was used for 

reception. By adding the antenna factor to the measured signal strength, the electric field 

strength is calculated. 

Table 27. Measured signal strength and electric field strength from Belmont transmitter in Huddersfield region. 
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8.8.2.2 Comparison of measured and simulated electric field strength 

8.8.2.2.1 Belmont station to Victoria tower 

Table 28. Comparison of the measured electric field strength to the simulated values from Belmont station to 

Victoria tower. 

 

 

Table 28 suggests that the measurements and simulations were performed for four channels: 

22, 25, 28 and 60 with centre frequencies of 482 MHz, 506 MHz, 530 MHz and 786 MHz 

respectively. It is observed that the simulated results obtained from all the propagation models 

were very close to the measured data. Further analysis on this data is performed by calculating 

the difference between the measured and the other simulated values. This error difference 

provided a good estimate on which model is closer to the measured data. 
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Table 29. Difference error between the measured and simulated electric field strength values from Belmont 

station to Victoria Tower. 

 

 

The difference of the measured values and the simulated values is shown in Table 29. This 

table suggests that since the error values are small, the simulations are in good agreement with 

the measurements. However, it is difficult to make an assertion on the best propagation model. 

Epstein-Peterson model in Matlab showed an average difference of 0, and thus provides a good 

prediction for this scenario. On the other hand, Radio Mobile and ICS Telecom simulations 

provided low standard deviations and also provide good estimate of the electric field strength 

values.    
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8.8.2.2.2 Belmont station to Greenhead park 

Table 30. Comparison of the measured electric field strength to the simulated values from Belmont station to 

Greenhead park. 

 

Table 30 shows the comparison of the electric field strength values of Belmont DTV transmitter 

at Greenhead park. Compared to Emley Moor transmitter, the electric field strength value at 

Greenhead park was lower because of the larger distance between Belmont and Greenhead 

park. Also, it was observed that Longley-Rice model in ICS Telecom could not predict the 

correct electric field strength values. One of the possible reasons for this is because the large 
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distance between the two points had a significant impact on Longley-Rice calculations (in ICS 

Telecom) and thus it overestimated the path loss that lead to the incorrect prediction. 

 On the other hand, it was observed that the Matlab algorithms showed higher values than the 

measured data because both the algorithms could not successfully detect all the knife-edges 

between their path due to which they underestimated the path loss.  

Longley-Rice model in Radio Mobile and Deygout 94 in ICS Telecom were the only 

propagation models that could predict the electric field strength values closer to the 

measurements. However, a better estimation of the accuracy was obtained by calculating the 

difference between the measurements and simulations as shown in Table 31. 

Table 31. Comparison in the difference between measurement and simulations for the electric field strength of 

Belmont DTV transmitter measured at Greenhead park. 

 

Table 31 suggests that Deygout 94 in ICS Telecom demonstrated lowest average difference as 

well as lower standard deviation. Thus, it can be stated that Deygout 94 provides the best 

estimate of the electric field strength values in this scenario followed by Longley-Rice in Radio 

Mobile also showing promising results. 
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8.8.2.3 Path profile comparison 

8.8.2.3.1 Belmont station to Victoria tower 

The path profiles from Belmont transmitting station to Victoria tower simulated in Radio 

Mobile, ICS Telecom and matlab are shown in Figures 84, 85 and 86 respectively. 

 

Figure 84. Path profile from Belmont station to Victoria tower using Radio Mobile. 
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Figure 85. Path profile from Belmont station to Victoria tower using ICS Telecom. 
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Figure 86. Path profile from Belmont station to Victoria tower using Matlab algorithm. 
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Figure 84, 85 and 86 shows the path profiles generated by Radio Mobile, ICS Telecom and 

Matlab algorithm respectively. These figures suggest that detection of multiple-knife edges 

was observed. Figure 84 suggests that the propagation by diffraction is occurred due to the 

multiple knife-edges and the obstacles in the Fresnel zone contributed for the loss of 12.2 dB.  

Figure 85 demonstrates the multiple knife-edges detection with high details. The reason for 

this increased accuracy is because ICS Telecom also takes elevation model into the account. 

The figure suggests that obstacles in the Fresnel zone as well as the clutter in this case 

significantly contributes to the loss. Figure 86 also demonstrates the capability of the Matlab 

algorithm to detect the multiple knife-edges. However, ICS Telecom shows the path profile 

with good accuracy and details. 
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8.8.2.3.2 Belmont station to Greenhead park 

The path profiles from Belmont to Greenhead park simulated in Radio Mobile, ICS Telecom, 

and matlab are shown in Figures 87, 88 and 89 respectively. 

 

Figure 87. Path profile from Belmont station to Greenhead park using Radio Mobile. 
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Figure 88. Path profile from Belmont station to Greenhead park using ICS Telecom. 
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Figure 89. Path profile from Belmont station to Greenhead park using Matlab algorithm 
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Figure 87, 88 and 89 shows the path profile from Belmont transmitter to Greenhead park 

calculated by Radio Mobile, ICS Telecom and Matlab algorithms. All the three figures suggest 

that a significant knife-edge is detected near the signal reception point. This knife-edge blocks 

the path between the Belmont transmitter and the Greenhead park resulting in high loss, thereby 

leading to weaker signal reception. Longley-Rice model in Radio Mobile predicts this loss to 

be as high as 41.5 dB. Figure 88, showing the results obtained in ICS Telecom, provides better 

details regarding the clutter information and detected knife-edges. It not only detects the 

multiple knife-edges but also suggests that the earth’s curvature also make a significant impact 

on propagation calculation using Longley-Rice model and thus overestimated the path loss. 

Figure 89, demonstrating the path profile by Matlab algorithm, suggests that the algorithm 

failed to identify all the knife-edges. It could identify only the most significant knife-edge 

which lead it to underestimate the path loss, thereby providing higher electric field strength 

values compared to the measured data.  

8.9 Conclusion 

This chapter discusses the study of radio propagation and coverage prediction for two 

transmitters locations: 1. Emley Moor, and 3. Belmont. A comparison of the measured electric 

field strength with simulated values calculated using several propagation models in ICS 

Telecom, Radio Mobile and Matlab is presented in this chapter. Longley-Rice and Deygout 94 

provided the best results, though, Epstein-Peterson model in Matlab also showed promising 

results in some cases. Additionally, the path profile calculated by the three softwares suggests 

that ICS Telecom could predict the path profiles precisely with high details by considering 

vegetation, clutter and earth’s curvature in the calculation. While, radio Mobile showed 

promising results, the path profile predicted by Matlab missed to detect several knife edges. 

The coverage of Emley Moor transmitter was also predicted closely to the official coverage 

released by Freeview TV. 

 

 



 

Chapter 9 Conclusion  

9.1 Research summary 

In this research, a thorough investigation on designing LPDAs is carried out. Followed by 

designing traditional LPDAs, novel antenna designs are proposed to solve the interference 

problem caused due to the coexistence of the UHF TV band and the LTE-800 MHz band. A 

cost-efficient antenna with better performance than the ones available in the market is 

proposed, that eradicates the necessity of using external filters. This provides a useful design 

methodology of the antennas that will be required after the clearance of the 700 MHz band. 

Furthermore, this research also compares different optimisation algorithms available in CST 

software to optimize a 10-dipole LPDA.  However, the size of LPDAs can be quite big when 

it needs to cover a wide range of frequencies for wideband measurements as well as EMC 

measurement applications. Therefore, this thesis also addresses the requirement to reduce the 

size of LPDAs by implementing the concept on PCB to develop PLPDAs. In addition to this, 

it also presents a review of several miniaturization techniques that have been proposed by 

several researchers. A novel wideband PLPDA with a triangular longest dipole is presented in 

this paper that can cover frequencies in the range from 0.4 GHz to 8 GHz. The proposed 

antenna provides flat gain as well as highly directional characteristics. Gain measurements are 

very challenging and often multiple measurements need to be performed with different 

separation distances between two identical antennas while implementing the two-antenna 

method. A simulation-assisted gain determination technique is proposed in this study, where 

the measurement setup is exactly duplicated in the simulation software. Several simulations 

are then carried out with different separation distances between the antennas. In this way, the 

distance that provides accurate gain is selected for the measurement. This provides a time-

efficient as well as accurate technique to determine the gain of an antenna using the two-

antenna method, where the measurements can be carried out in a single trial. As a case-study, 
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a 10-dipole LPDA with LTE-800 protection is selected to validate the technique. This research 

also deals with circularly polarized antennas for satellite applications like search and rescue 

operations. An investigation of elliptical patch antennas is carried out and an edge-fed dual-

band elliptical patch with circular polarization is proposed in this thesis for GPS-L1 and Iridium 

applications. The simulated results were validated using the measurements performed in an 

anechoic chamber at NPL, Teddington. The optimization of this antenna was performed using 

the state-of-the-art PSADEA algorithm developed by Wrexham Glyndwr University. The 

concept of elliptical patch antenna design was implemented also to design an antenna for UWB 

system for RTLS applications. The proposed antenna was used for a localisation system 

developed by DecaWave Limited, to increase the localisation range from 75m to 250m. A study 

on radio propagation coverage prediction is also performed in this work. Three measurement 

campaigns were carried out, one in the Republic of North Macedonia and Greece and two in 

the United Kingdom. These measurements involved measuring the electric field strength of the 

transmitters at different points around the transmitter. The locations of the transmitter and the 

measurement points were duplicated in the ICS Telecom and Radio Mobile (radio planning 

softwares). The simulations were performed using several propagation models. A comparative 

study on the measured and simulated results was performed in order to determine the prediction 

accuracy of the models. Furthermore, path profiles from the transmitters to specific points were 

predicted by these models. Lastly, the coverage of Emley Moor broadcasting station was 

predicted using ICS Telecom software and then compared with the official coverage released 

by Freeview TV.      

9.2 Future work 

• The work presented in this thesis presents novel LPDAs for UHF TV reception that can 

reject LTE-800 and GSM-900 frequency band to mitigate with the interference caused 

because of the coexistence of the UHF TV and mobile communication spectrum. 

However, with the evolution of mobile communication technology from 4G to 5G, the 

clearance of the 700 MHz band is also proposed. Therefore, there is a requirement to 

design new antennas that can receive UHF TV signals rejecting 700 MHz band, LTE-

800 and GSM-900 MHz band to reduce interference. The novel technique proposed in 
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this thesis ca be used to design such antennas without using any external filters. This 

provides a cost-efficient as well as relatively high-performance solution compared to 

the conventional commercial products available in the market.  

• An array of several LPDAs operating at VHF and UHF frequencies can be used for 

detecting and positioning stealth airplanes for military applications. Currently most of 

these radar systems use separate arrays of VHF and UHF Yagis to detect and position 

such planes. However, a combined array of LPDAs can be designed that can operate 

both in VHF and UHF through a single array of antennas. This will reduce the size of 

the radar systems and will make it hard to detect. 

• Also, there is very limited literature on PLPDAs that cover a wide frequency range from 

0.4 GHz to 8 GHz. Therefore, further investigation of bandwidth and gain enhancement 

of such antennas with size reduction is required. Several miniaturization techniques that 

include capacitive and resistive loading need to be investigated to further reduce the 

size of PLPDAs. Moreover, EMC and several other antenna measurements require 

wideband reference antennas that can cover wide range of frequencies. For such 

applications, wideband PLPDAs with wide bandwidth can be designed that can provide 

flat gain and highly directional characteristics.  

• PLPDAs and band-rejection techniques can also be used to design antennas for 

wideband applications for Sub-6 GHz, 28 GHz, and mmWave frequency bands.  

• Additionally, investigations of designing PLPDAs with stacked PCBs are also required 

as that may lead to a further reducing the size of antennas. The hybrid printed Yagi-

Uda and PLPDA can also be implemented to increase the gain of the PLPDA by using 

additional reflectors and directors. 

• Dual-band patch antennas for GPS and Iridium applications have been proposed in this 

thesis. However, there is a need for patch antennas that can provide tri-band or quad-

band characteristics. Furthermore, electromagnetically coupled antennas, 

metamaterials and leaky wave antennas need to be investigated as they are promising 

solutions for Terahertz (THz) applications. Machine learning can be integrated with the 

antenna design process to develop novel antennas with minimal computational time 

using evolutionary algorithms.  
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• There is also a need for Multiple Input Multiple Output (MIMO) and beamforming 

antennas and with the introduction of 5G and future 6G mobile technologies, there is a 

requirement for designing antennas for mobile phones that can operate in all of GSM, 

3G, 4G, 5G and future 6G frequency bands. These antennas will be part of our future 

investigations. 

• There are several on-going trials for deploying 5G technologies in urban as well as rural 

areas in different countries. This requires radio engineers to study propagation of 5G 

waves as well as to determine the placement of base stations and repeaters so that the 

deployment can be performed at minimal cost without compromising the quality of 

service. Radio planning softwares are intensively used by frequency regulatory 

organizations like Ofcom. Therefore, research on 5G deployment planning and 

propagation modelling will be essential in the future.  
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