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In this study, characteristics for radiation of ultra wideband (UWB) signals 
from an array of dipoles and reception of the transmitted pulse by a receiving dipole 
are investigated. Analysis is performed in the frequency domain. Mathematical 
formulations for radiated and received energy and correlation coefficient expressions 
are derived using analytical approach in the frequency domain. Computer programs 
based on these mathematical operations are created and computed results are 
presented.  

The approach is first applied to a single dipole considering that it is the basic 
element of the array and mathematically simple. Then, the behavior of an array of 
dipoles with equally spaced same length elements and different length elements are 
analyzed, respectively. Additionally, beam scanning for UWB arrays is investigated. 
Effects of changing various antenna parameters such as element spacing and the 
number of antenna elements are illustrated.  
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Bu çalışmada ultra geniş bandlı (UWB) sinyallerin bir dipol dizisinden 
yayılması ve gönderilen sinyallerin alıcı dipol tarafından alınma karakteristiği 
incelenmiştir. Analiz frekans domaininde gerçekleştirilmiştir. Yayılan ve alınan 
enerji, ve korelasyon katsayısı ifadelerinin matematiksel formülleri frekans 
domaininde analitik yaklaşım kullanılarak elde edilmiştir. Bu matematiksel işlemler 
temel alınarak bilgisayar programları geliştirilmiş ve hesaplanan sonuçlar 
gösterilmiştir. 

Yaklaşım ilk olarak dizinin temel elemanı olduğu ve matematiksel olarak 
basit olduğu gözönüne alınarak tek dipol elemanına uygulanmıştır. Daha sonra da, 
sırasıyla, eşit aralıklı aynı uzunluklu dipol dizilerinin ve eşit aralıklı farklı uzunluklu 
dipol dizilerinin davranışları analiz edilmiştir. Ayrıca, UWB anten dizilerinde ışın 
tarama incelenmiştir. Eleman aralığı ve eleman sayısı gibi çeşitli anten 
parametrelerinin değişiminin etkileri gösterilmiştir.  
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1. INTRODUCTION 

 

Ultra Wideband (UWB) technology is the transmission and reception of ultra-

short pulses whose characteristic spectrum extends over a wide frequency range. 

UWB systems operate at very low power and the information transmission is carried 

out by using short impulses over a large bandwidth.  

According to the definition established by the OSD/DARPA (Office of the 

Secretary of Defense, Defense Advanced Research Projects Agency) UWB radar 

review panel (July 13, 1990), the term ultra-wideband refers to electromagnetic 

signal waveforms having -20 dB fractional bandwidths that are greater than 25% 

with respect to the center frequency or that occupy 1.5 GHz or more of spectrum 

(FCC, 2002). 

In February 2002, the Federal Communications Commission (FCC) 

introduced a modified definition which is based on -10 dB bandwidth, instead of the 

-20 dB bandwidth used by the OSD/DARPA. This definition is proposed because 

ultra wideband devices operate close to noise level, and therefore, it would be a 

problem to measure the -20 dB bandwidth (FCC, 2002).  

According to the FCC rules, a signal whose -10 dB fractional bandwidth is 

larger than 20% or whose -10 dB absolute bandwidth is larger than 500 MHz is 

classified as ultra wideband signal. Fractional bandwidth Bf is defined as 

 

h l
f

h l

f fB 2
f f

−
=

+
,                             (1) 

 

where fh and fl are the upper and lower 10 dB points of the signal spectrum, 

respectively.  

The proponents of the ultra wideband technology have claimed that the 

system has the ability to utilize the frequency spectrum without causing any 

interference problem to other conventional communication systems, because it has a 

low power spectral density. Figure 1.1 (Reed, 2005) shows spectrum utilization of 

UWB system and conventional narrowband system. 



1. INTRODUCTION                            Şule ÇOLAK 

 2 

 
Figure1.1. Illustration of spectrum utilization by UWB systems 

 

Ultra-wideband appears as an attractive technology for indoor wireless 

networks with high data-rate. Instead of transmitting and receiving modulated 

sinusoidal waveforms, a UWB communication system transmits GHz pulses which 

occupy a wide portion of the frequency spectrum.  

UWB has become an attractive option for researchers in both industry and 

academia due to its low power, low interference and low regulation for present and 

future wireless applications. The system shares the frequency spectrum with other 

systems and extends over the same range with many licensed frequency bands. 

Therefore; due to these advantages, there has been an increasing interest in UWB 

communication systems recently.  

Historically, UWB radar systems were developed mainly for military 

applications because of its penetration capabilities. Nowadays, UWB technology has 

also been in use for consumer electronics and communications.  

   

 1.1. Overview of Ultra-Wideband Communications 

 

In today’s world, although it is most common to use sinusoidal signals in 

wireless communication systems, the earliest electromagnetic communication 

systems were actually based on pulses (Ghavami et. al., 2004). 

Narrowband RF 

UWB systems 

Frequency spectrum 

Power 
Spectral 
Density 
 



1. INTRODUCTION                            Şule ÇOLAK 

 3 

The spark gap generator is known to be the first UWB radio that was used by 

Hertz and Marconi in the late 1800’s (Weightman, 2003). Heinrich Hertz used the 

spark gap to produce electromagnetic waves for his experiments in 1893. Similarly, 

Marconi used spark gap generator for electromagnetic data communications 

(Molisch, 2006). Marconi’s spark-gap transmission experiments in 1901 were one of 

the first experiments about impulse radio. Additionally, Sommerfeld first analyzed 

the diffraction of a short pulse by a half-plane which is known to be one of the 

fundamental problems in UWB wave propagation (Qiu, 2005). Therefore, it can be 

assumed that the first practical UWB systems and theoretical research on UWB 

radiation goes back to more than one century ago. Nevertheless, the signals 

generated by the spark-gap transmitters had low spectral efficiency and low bit rate 

but large bandwidth (Molisch, 2006). During that period, researchers could not 

utilize this issue and it was perceived as a failure. Therefore, the communications 

became mainly narrowband after 1910, and ultra wideband research did not get any 

more interest until the 1960s when the studies began again for time domain 

electromagnetics with the innovative work of Gerald F. Ross. 

In his studies, Ross described the transient behavior of microwave networks 

through their characteristic impulse responses. Also around this time, the sampling 

oscilloscope was developed by Hewlett Packard and some techniques were built up 

for subnanosecond (baseband) pulse generation. This allowed the analysis of short-

duration signals in the time domain experimentally and provided the direct 

observation and measurement of the impulse response for microwave networks. 

When the techniques for impulse measurement were developed also for designing 

wideband antenna structures, researchers recognized that short pulse radar and 

communication systems could be built up utilizing the same equipments.  

Afterwards, the main interest moved towards the techniques for the 

development of radar and communication devices. Designing high power, short pulse 

generators for UWB radar systems was investigated by the military. In particular, 

radar got a lot of interest because it was possible to obtain results with good 

accuracy. The low-frequency components were useful in penetrating objects, and 

ground penetrating radar was developed (Ghavami et. al., 2004). 
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In the 1970s, ultra wideband communications started to get more attention 

(Harmuth, 1981). Ross developed various applications for radar and communications 

at the Sperry Research Center.  In April 1973, he was awarded the first UWB 

communications patent. Therefore, in the 1970s and 1980s, most of the research and 

development were in the military or in the works funded by the US Government.  

UWB research fields continued to expand towards new areas. Several 

applications, such as automobile collision avoidance, positioning systems, and 

liquid-level sensing were developed (Ghavami et. al., 2004). Through the 1980s, 

UWB was employed by the radar research community to develop short-range, high-

resolution sensing applications. One of the earliest applications of UWB technology 

was high power military radar. Also, low probability of intercept capability of UWB 

signals is utilized for covert communications and use of a very wide band of 

frequencies allowed detection of buried mines in ground penetrating radar 

applications. The term ultra-wideband was first applied around 1989 by the U.S. 

Department of Defense and this technology was earlier referred to as baseband 

carrier-free or impulse radar. 

Small companies such as Multispectral Solutions, Inc., Aether Wire and 

Location, and Pulson Communications (Time Domain Corporation) also started basic 

research and development on communications and positioning systems, specializing 

in UWB technology, beginning in the late 1980s (Sholtz et. al., 2005).  

By the mid-1990’s, University of Southern California’s UltRa Lab was 

established. UltRa Lab lobbied FCC to allow commercializing the UWB technology. 

In May 1998, a workshop sponsored by US Army Research Office and USC UltRa 

Lab was organized and soon after this conference, the companies working on UWB 

technology decided to band together and formed an informal industry association, 

Ultra-Wideband Working Group (http://www.uwb.org).  

In the late 1990s, there has been a lot of interest regarding the application of 

UWB technology for wireless communications. Companies such as Time Domain 

Corporation, US Radar, Zircon Corporation had requested for permission from FCC 

to develop a small number of commercialized UWB devices.  At the same time, 

http://www.uwb.org)
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USC’s UltRa Lab acquired a license from FCC for experimental studies on UWB 

radio transmissions.   

Since UWB signals occupy a large frequency range, they violate the 

frequency regulations assigned to other conventional narrowband systems all over 

the world. However, proponents of the technology in both industry and academia 

insisted that UWB emissions would not interfere with those other narrowband 

services. Then, after lengthy deliberations, the FCC issued its first report and order 

on UWB technology in April 2002 (FCC, 2002). In this ruling, it is specified that the 

UWB emission is allowed between the frequency ranges of 3.1 GHz and 10.6 GHz.  

Since the late 1990s, the research and development of ultra wideband 

technology have widely emerged and become a promising technology which came to 

be known as impulse radio. 

 

1.2. Literature on Ultra-Wideband Antennas 

 

Transient radiation from antennas has been studied extensively in the 

literature (Franceschetti and Papas, 1974), (Samaddar, 1992), (Mokole, 1996) etc. 

Franceschetti and Papas (1974) introduced various heuristic procedures relating to 

the computation of transient radiation from elementary sources, such as coaxial 

apertures, infinitely long cylindrical antennas, finite cylindrical antennas and loop 

antennas.  An approximate analysis of transient radiation from linear antennas and 

loops of arbitrary dimensions were presented in which transmission line techniques 

were used for modeling currents and voltages. This approximation has also been used 

for investigating the behavior of the radiated electric field from a half-wave dipole in 

free space excited by a single-cycle sinusoidal voltage (Samaddar, 1992), and for 

analyzing ultra-wideband arrays considering a  linear array of thin dipoles that are 

excited by a single-cycle sine (Mokole, 1996). In this transmission line technique, the 

zero-order approximate solution for the current along the antenna is used in the 

frequency domain. This way, time-dependent current and the radiated electrical field 

could be calculated and interpreted easily.  
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Lamensdorf and Susman (1994) presented the concepts of pulse fidelity and 

correlation energy patterns for characterization of antennas in time domain. Pulse 

fidelity is a measure of the performance of the antenna, and time-domain correlation 

pattern shows the relationship between radiated pulses in different directions.  In a 

recent study by McLean et.al., (2004, 2005) three UWB antenna performance 

descriptors were proposed: energy pattern, correlated energy pattern and correlation 

coefficient pattern. Dissanayake and Esselle (2006) used these definitions in a 

correlation based study to create new parameters to characterize and quantify 

performance of ultra wideband antennas and demonstrate their use through practical 

applications. Although the study also concerns pulse correlation coefficient concepts, 

it is carried out in the frequency domain.    

Different techniques for optimizing the feed voltage, the transient radiation, 

and energy for dipole antenna and arrays were proposed by Pozar et. al. (1983, 1985) 

and Kang and Pozar (1986). Taha and Chagg (2002) developed algorithms for 

designing optimal template waveforms for UWB impulse radio in the presence of 

multipath.  

Another frequency domain study was based on optimizing source pulses and 

detection templates in ultra wideband radio systems (Shan et. al., 2005). In this 

study, differential evolution, an improved version of the genetic algorithm was used 

to optimize the UWB signals for a narrow band thin wire dipole antenna system and 

a wide band planar antenna system.  

 Chen et al. (2003) presented the basic design considerations for transmitting 

and receiving antennas in the UWB systems by using the finite difference time 

domain (FDTD) method. In the paper, it is emphasized that the overall performances 

of UWB systems can be optimized by choosing the antennas and the source pulses 

appropriately. Another design consideration for a transmitting and receiving antenna 

system was presented by Wu et al. (2003) analyzing two identical planar bowtie 

antennas numerically and experimentally in both time and frequency domains. 

Authors in this study also utilized an EM software package (XFDTD) for numerical 

analysis.   
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 The dependence of the power radiated from ultra wideband antennas both on 

frequency and direction is presented experimentally by Malik et al.(2006). The 

variation of antenna radiation patterns with frequency is first established with the 

simple example of a dipole antenna, and is then evaluated experimentally using 

discone and Vivaldi antennas that represent the general cases of omni directional and 

directional UWB antennas separately.  

Another study based on the selection of proper template pulse waveform in 

UWB pulse communications is presented by Li et al. (2006). The authors concern the 

BER (bit error rate) for receiving at various different direction angles. Therefore, 

proper design of the template pulse waveform would help to obtain low BER and 

improve the overall system performance. 

  Heidary (2001) discussed the radiation characteristics of UWB mono-pulse 

arrays which radiate coded mono-pulse sequences with considerably low duty cycle. 

In this research, for spreading the signal spectrum even more, pseudo-random time-

hopping spread spectrum technique is applied. At the receiver side, pseudo-random 

code is used to sift the desired signals among other interfering signals. Sörgel et. al. 

(2005) analyzed UWB antenna arrays using the arrays transient response that gives 

information about radiation and reception characteristics. The performed analysis 

was independent of applied input signal. Wu et. al. (2005) investigated a planar 

UWB dipole antenna array using FDTD and method of moments (MOM). Another 

antenna-array concept was introduced by Ni and Grabel (2005, 2006), implying that 

the workable frequency range of the array was determined by the individual 

elements’ bandwidths numerically using FDTD and MOM methods.  

  

  1.3. The UWB Technology 

 

As noted earlier, Ultra-Wideband (UWB) technology is the transmission and 

reception of ultra short impulses whose characteristic spectrum occupies a wide 

range of frequencies. The enormous wide bandwidth is a considerably important 

difference between UWB systems and conventional narrowband wireless systems. 
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Gaussian monocycle is the basic element of the UWB communication 

system. Figure 1.2 shows the monocycle in both the time and frequency domains 

(“PulsON Technology Overview”, http://www.timedomain.com , July 2000). 

The general expression of a Gaussian monocycle is defined as follows 

 

2
g

t 1 tV (t) exp ( )
T 2 T

 = − 
 

                  (2) 

 

The center frequency is the reciprocal of the monocycle’s duration.  

 

 
Figure 1.2. 2 GHz center frequency Gaussian monocycle in time and frequency 

domains (http://www.timedomain.com, 2000) 
 

The UWB monocycle is a wide bandwidth signal. The center frequency and 

the bandwidth are determined by the monocycle’s width. The pulse duration and the 

center frequency are inversely related with each other and the bandwidth is 116% of 

monocycle’s center frequency. The frequency spectrum of pulse ranges from near dc 

to several gigahertz and consequently the transmitted signal in such a system 

occupies an extremely large bandwidth even in the absence of data modulation. The 

expression for the monocycle is denoted as the first derivative of a Gaussian 

function. 

http://www.timedomain.com
http://www.timedomain.com
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In the UWB system design, it is important to decide operational frequency 

range of the system. The frequency regulations could be different for different 

countries and the transmit signals have to satisfy country’s rules. Until the end of 

1990’s, the intentional broadband radiation was prohibited all over the world since 

the broadband emission can interfere with conventional narrowband systems. The 

proponents of the UWB claimed and lobbied that UWB systems minimize this 

interference by spreading the power over a very large bandwidth. After long 

discussions, the FCC issued its “report and order” in 2002. In this report and order, 

emission of intentional UWB radiation was permitted with restrictions on the emitted 

power spectral density (FCC, 2002). These restrictions are specified according to the 

application areas of the operating devices. 

In order to eliminate the interference of various systems over the same and 

nearby frequency ranges, different rules are enforced for the communication systems 

and regulations are applied for power output. Since ultra wideband systems cover a 

large spectrum and interfere with existing users, the FCC and other regulatory groups 

form spectral masks for different applications. Spectral masks indicate the allowed 

power output in certain frequency ranges to minimize this interference. 

In Figure 1.3, an example of the FCC spectral mask is shown (Ghavami et. 

al., 2004) for indoor UWB systems. As seen in the figure, a maximum power output 

of -41.3 dBm/MHz is allowed in the range between 3.1 GHz and 10.6 GHz. In the 

frequency bands 0.96 GHz-1.61GHz a very small power output is allowed because of 

the already existing services like mobile telephony, global positioning system, and 

military applications.  
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Figure 1.3. Spectral mask mandated by FCC 15.517 (b,c) for indoor UWB systems  

      (Ghavami et. al., 2004) 
 
 

   1.4. Advantages and Limitations of UWB  

         

The main advantages and benefits of UWB systems can be summarized as 

follows: 

In military communications, there are many potential threats about the 

security of the signal. Ultra wideband signals are usually at noise floor level due to 

the very large spreading factor. Therefore they provide low probability of detection 

for military communication and cannot be detected using conventional receivers. 

Also, UWB signals immune to jamming and interference from other radio systems 

because of the large spreading factor. 

In UWB communication system, the pulses can easily penetrate walls, doors, 

and other objects. Since UWB signals contain significant low frequency components, 

it has the ability to penetrate materials that are normally more resistive to higher 

frequencies. 
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The extremely high transmission bandwidth of an UWB signal provides very 

accurate timing information to be resolved. Accurate range measurements and 

positioning can be achieved due to the resolving capability of multipath. This ability 

combined with the penetration through materials makes UWB suitable for accurate 

positioning applications. 

 Multiple users can transmit simultaneously on the same frequency range as 

long as they use different spreading codes. Due to the very large spreading gain of 

UWB systems, it can enable multiple access capability and a large number of users 

can be fitted in a UWB system.  

Since the UWB technology is the transmission and reception of baseband 

signals, its complexity is relatively low and it provides inexpensive implementation 

compared to conventional narrowband systems. UWB systems do not require RF 

modulators and demodulators in the transmitter and receiver design. The absence of 

RF & IF stages, linear amplifiers, and the required filters reduces the complexity and 

the cost of the system. 

Another advantage of UWB transmission for communications is its high data 

rate. Higher data rates can enable new applications and devices. The extremely large 

bandwidth occupied by UWB gives this potential. 

The main disadvantages and limitations of UWB systems can be summarized 

as follows:  

 UWB antennas need to be optimized over a wide range of frequencies such 

that the antennas employed in UWB systems are required to efficiently radiate 

electromagnetic signals over several gigahertz bandwidth. This makes the design 

procedure more complicated than for other conventional narrowband antennas.  

The transmission range of an UWB radio is very limited without use of a 

power amplifier. Designing small-size, efficient wideband power amplifiers and 

directional antennas is still a challenge even though medium-range communications 

using low-power UWB signals is claimed to be possible. 

Since UWB extends over an extremely wide bandwidth, many other wireless 

systems would be affected and need to be convinced that UWB will not cause too 

much interference to their existing services. Although it has been claimed that the 
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interference between UWB and other systems is minimal, a large amount of UWB 

transmissions could still cause a problem for systems such as GPS. Moreover, if 

higher power UWB signals are used for longer range transmissions, the interference 

problem may arise.  

 

     1.5. UWB Applications 

  

FCCs First Report and Order (FCC, 2002) permits the marketing and 

operation of certain type of new products incorporating ultra-wideband technology. 

Depending on the operational characteristics and the potential for causing 

interference to other services, each system is allowed to operate in their allocated 

frequency bands. According to these restrictions, the FCC report categorizes UWB 

devices into following categories: imaging systems, communications and 

measurement systems, and vehicular radar systems. 

 Ground penetrating radar systems (GPRs), wall imaging systems, through-

wall imaging systems, and medical systems can be included in the imaging systems 

(FCC, 2002).  

          GPRs are used for detecting the buried objects. The operational frequencies are 

required to be below 960 MHz or in between 3.1-10.6 GHz. Law enforcement, fire 

and rescue, scientific research institutions, mining companies, and construction 

companies are placed in this category. 

Wall imaging systems are designed for the detection of objects located within 

a wall. The frequencies for operating wall imaging systems must be below 960 MHz 

or in the frequency band 3.1-10.6 GHz. This category also includes law enforcement, 

fire and rescue, scientific research institutions, mining companies, and construction 

companies. 

           Through-wall imaging systems detect the location or movement of objects 

located on the other side of a structure. The operational frequency is below 960 MHz 

or in the frequency band 1.99-10.6 GHz. Operation is restricted to law enforcement 

and fire and rescue. 
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Medical systems are used for health care applications to observe the location 

or movement of objects inside the body of a human or animal. These systems must 

operate in the frequency band 3.1-10.6 GHz. Operation must be carried out under the 

guidance of licensed health care practitioners. 

 Communication and measurement systems include devices that are subject to 

certain frequency and power limitations under the Part 15 of the FCC’s rules. UWB 

high-speed home and business networking devices, storage tank measurement can be 

included in this group. The operational frequency band is 3.1-10.6 GHz.  

 Vehicular radar system devices are used to detect the location and movement 

of objects near a vehicle. They operate in 24 GHz band using directional antennas on 

terrestrial transportation vehicles. The center frequency of the emission and the 

frequency at which the highest radiated emission occurs are greater than 24.075 

GHz. (FCC, 2002)   

 

   1.6. UWB Antenna Concept and Design Considerations 

 

Antenna has an important role in the overall system of transmitting and 

receiving ultra short pulses for UWB communications, therefore there has been an 

ever-increasing interest for antenna design in UWB signaling. Enormous wide 

bandwidth of the system causes antenna design to be a crucial task, since the antenna 

is required to radiate electromagnetic signals efficiently over a wide range of 

frequencies. This, of course, makes the design procedure more complicated than for 

other conventional narrowband antennas. Therefore, the design of ultra wideband 

antennas requires special considerations. 

Since there is not a single operating frequency in UWB, the wavelengths for 

this type of signals are usually specified in terms of the lower and upper wavelengths 

in the system (Ghavami et. al., 2004). While the conventional antenna parameters are 

appropriate for narrowband systems, they may not be suitable for use in ultra 

wideband systems (Wu et.al., 2003). Many well known narrowband antenna 

parameters should be reconsidered since the entire frequency spectrum of the UWB 

range needs to be taken into account.  
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The radiation pattern of the antenna is a function of both frequency and 

direction. Additionally, antenna distorts the pulse and causes change in the shape of 

the incoming pulse. Therefore, the pulse waveform arriving at the receiver usually 

does not look like input pulse at the transmitter. This makes detection process of the 

applied pulse much more complicated. On the other hand, pulse detection at the 

receiver is accomplished effectively by choosing an appropriate template. Hence, the 

characteristic of the pulses at the receiver is important for understanding the overall 

performance of the antenna system. Such abovementioned issues make antenna 

design one of the main challenges for UWB signal radiation and reception, and 

behavior of antennas for UWB signals should be examined from different aspects for 

the design considerations of UWB antennas.  

The classical descriptions for antenna parameters need to be generalized 

considering the overall spectrum of the pulse signal. To describe the antennas, 

energy-based concepts are proposed to define numerical terms, rather than using 

frequency dependent power concepts (Lamensdorf and Susman, 1994).  

For a wideband signal, the transmitted energy pattern is specified as the 

illustration of the radiated energy with respect to angle for a specified input 

excitation. Similarly, as the energy is received at the terminals of the receiver, the 

received energy pattern with respect to angle is described considering the incident 

plane wave (Lamensdorf and Susman, 1994). 

The main reasons for using the total energy are claimed to be based on the 

fact that; a matched-filter processor can produce an output proportional to this 

energy, and it is suitable for mathematical treatments (Lamensdorf and Susman, 

1994). At the receiver, proper selection of the template signal enables to capture the 

energy of the received signal effectively (Taha and Chugg, 2002). This is significant, 

because the pulse experiences distortion in the presence of multipath and the 

received pulse shape is degenerated as a result of different frequency components 

(Taha and Chugg, 2002), (Qui, 1998), (Qui and Lu, 1999). Therefore, selection of the 

optimum template signal which is matched to the received signal at the receiver 

needs special consideration.  
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Wu et. al. (2003) state clearly the pulse detection mechanism difference 

between UWB and narrowband systems as follows: In narrowband systems, in the 

presence of an additive white Gaussian noise (AWGN) channel, if the signal to noise 

ratio (SNR) is large enough, then the received pulses can easily be detected. The 

presence of the carrier enables the capturing of the transmitted signals easily. On the 

other hand, pulse detection is carried out in a different way in UWB systems because 

there is not a carrier. Since UWB systems operate very close to noise floor, they need 

to deal with interference problems. Due to the absence of the carrier, an alternate 

template pulse needs to be introduced. Therefore, to evaluate the detection capability 

of the receiver, correlation coefficient concept is specified. The magnitude of the 

correlation coefficient varies in between 0 and 1, and a large correlation coefficient 

means that detection can easily be achieved at the receiver. If a fixed template is used 

at the receiver, the correlation coefficient varies along different directions. Therefore, 

a correlation coefficient pattern needs to be described in order to figure out the 

detection of received pulses for different angles. The received pulse could not be 

detected unless both the energy and the correlation coefficient are sufficiently large 

(Wu et. al., 2003). 

A variety of theoretical and experimental techniques in frequency and time 

domain can be utilized to analyze the characteristics of pulsed antennas. In time 

domain, numerical techniques such as finite difference time domain (FDTD) have 

been mostly used to investigate the behavior of those antennas. Computer 

programming in these methods need considerable hard work and additionally, it is 

not a simple task to extract physical meanings from the obtained results. (Boryssenko 

and Tarasuk, 1999).  

On the other hand, it is easier to obtain physical meaning from the results 

when analytical methods are used in examining the characteristics of the antenna 

structure. Additionally, analytical techniques play a more significant role in deducing 

general conclusions on the problems. Moreover, analytically treated antennas can be 

implemented easily by using current computer programs (Boryssenko and Tarasuk, 

1999).  
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In the literature, there are studies made with dipole for UWB pulse radiation 

and reception in which various numerical techniques such as FDTD and MoM have 

been generally used to examine the antenna behavior (McLean et. al., 2005; Chen et. 

al., 2003). UWB dipole arrays are also investigated as an option to deal with the 

challenging properties of UWB systems and improve the radiation and detection 

characteristics utilizing adjustable parameters of the array.  

This study obtains results analytically in frequency domain rather than using 

numerical techniques in time domain. The main focus of the study is to examine the 

behavior and performance of various antenna structures such as one dipole, array of 

same length dipoles and array of different length dipoles. 

In this study, radiated energy expression from transmitting antenna and 

received energy expression by the load at the terminals of the receiving antenna are 

derived. Radiated and received energy patterns which are normalized by the energy 

at broadside direction value are plotted with respect to observation angle. Of course, 

the pattern definitions are described by considering the total spectrum of the UWB 

signal. As noted earlier, detection process at the receiver also needs special 

consideration to capture the incoming signal effectively. For this purpose, correlation 

coefficient is investigated to examine the correlation detection behavior of the 

receiving antenna. Frequency domain correlation coefficient between the generator 

voltage applied to the transmitting antenna and load voltage at the terminals of the 

receiving antenna are determined and correlation coefficient graphs are plotted with 

respect to the observation angle. Also, the effects of array parameters, such as 

element number and spacing on the abovementioned concepts are considered.  

The beam scanning concept for UWB arrays is also examined. The radiated 

energy expression is derived and the energy pattern is obtained with respect to 

observation angle for different scan directions.  

Also, a program is coded in MATLAB programming language to find the 

optimal antenna array parameters that gives the maximum correlation coefficient for 

the different length dipoles array.   
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This analysis which is carried out in the frequency domain as an alternative to 

usual time-domain analysis provides a new perspective and will be a useful step for 

the design consideration of UWB antennas. The main point for performing the 

analysis in the frequency domain is that it is numerically simple, and it is possible to 

obtain explicit expressions in most cases and achieve reasonably accurate results. 

This is significant because the proposed frequency domain analysis can be easily 

applied to many different antenna structures and the promising ones could be chosen 

for fine tuning to employ the much slower but more accurate methods.
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2. ULTRA WIDEBAND ANTENNAS 

 

    2.1. Introduction 

 

Antenna design plays a significant role in transmitting and receiving ultra 

wideband short pulses. As noted earlier, design issue is an important challenge for 

ultra wideband radio communications and remains as one of the major concerns for 

improvement in UWB technology. 

UWB antennas should be designed attentively to transmit and receive pulses 

of very short time duration. Many well known narrowband antenna parameters 

should be reconsidered since the entire frequency spectrum of the UWB range needs 

to be taken into account.  

The dipole is usually used as a reference for examining general behavior and 

for comparison with other antennas. Since it is important to understand the behavior 

of antennas for ultra wideband signals, examining the thin dipole would be 

reasonable to obtain a general idea for the characteristics of the pulsed antennas.  The 

thin dipole is chosen because the mathematical operations can be conducted easily 

when the induced current distribution along the dipole is expressed as the modified 

zero-order approximation (Mokole, 1996), (Samaddar, 1992).  

 

    2.2. Theory of Radiation from a Thin Dipole Antenna 

 

A center-fed thin dipole of length 2l and radius a is considered in Fig. 2.1. 

The coordinate system is chosen with its origin at the center of the antenna. When 

the dipole is assumed to be very thin, that is 2l >>a, then the current distribution 

along the thin dipole can be expressed in the frequency domain as follows 

(Franceschietti and Papas, 1974), (Samaddar,1992) 

 

0

2 fsin (l z )2 jVg(f ) 2 fcI(z, f ) exp( j l)
2 fZ (1 ) c1 exp( j l)

c

π
− π

= −
π+ α + Γ −

,           (3) 



2. ULTRA WIDEBAND ANTENNAS                       Şule ÇOLAK 

 19 

which can be regarded as the current distribution along a two-wire open-circuited 

transmission line of length l, characteristic impedance Z0=Ω.(ζ0/2π) =(ζ0/π)ln(2l/a) 

where Ω =2ln(2l/a) is the antenna parameter and ζ0 is the free space impedance. The 

generator impedance is taken as Zg= αZ0=(1-Γ)Z0/(1+Γ), where α is real and Γ is the 

reflection coefficient from the antenna to the generator. For the matched case Γ=0 

and α=1. Then the current distribution becomes 

 

( )
0

jVg(f ) 2 f 2 flI(z, f ) sin l z exp( j )
Z c c

π π
= − −         (4)  

 

This model is applicable as long as the observation point is considered to be 

far away from the thin dipole.  

 

 

 
 

Figure 2.1. Geometry of transmitting and receiving thin dipole antenna 
 
 

It should be noted that the electric field expression from an arbitrary 

distribution of current is given by (Collin, 1985)  
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2 fr 2 fj j0 c c

V

j(2 f / c)( , f ) e [ ]e dV '
4 r

π π
−π ζ

=
π ∫

ra .r'

r rE r a .J(r')a - J(r') .   (5)  

 

When the current is a line current I along a contour C, then Eqn. (5) can be 

expressed in the form  

 
2 fr 2 fj j0 c c

C

j(2 f / c)( , f ) e [ ]I(l ')e dl '
4 r

π π
−π ζ

=
π ∫

ra .r'

r rE r (a .a)a - a    (6) 

 

where a is a unit vector along C in the direction of the current. 

 Then, according to Fig. 2.1, it can be seen that the unit vector a=az, r′=z′az, 

and ar.az=cosθ.  

 Therefore, the electric field expression for the dipole is given by 

 
l2 fr 2 fj j z 'cos0 c c

l

j(2 f / c)( , f ) e ( cos )I(z, f )e dz '
4 r

π π
− θ

−

π ζ
= θ −

π ∫ r zE r a a   (7) 

 

Substituting Eqn. (4) into Eqn. (7) and using the relationship between unit 

vectors in rectangular coordinates which is shown below, 

 

cos sinθ= θ − θz ra a a ⇒ cos sinθθ − = θr za a a                (8)   

 

 yields (Collin, 1985) 

 
l2 f (r l) 2 fz 'cosj j0 c c

0 l

j(2 f / c) jV(f ) 2 f( , f ) sin e sin (l | z ' |)e dz '
4 r Z c

π + π θ
−

θ
−

π ζ π
= θ −

π ∫E r a  

 
l2 f (r l) 2 f 2 f 2 fz 'cosj j (l |z '|) j (l |z '|) j0 c c c c

0 l

(2 f / c) V(f ) 1sin e [e e ]e dz '
4 r Z 2 j

π + π π π θ
− − − −

θ
−

π ζ
= − θ −

π ∫a  
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A

l2 f ( r l) 2 f 2 f 2 f 2 fj j l j (z 'cos |z '|) j l j (z 'cos |z '|)
0 c c c c c

0 l

E

(2 f / c) sin V(f ) 1e [e .e e .e ]dz '
4 rZ 2j

π + π π π π
− θ− − θ+

θ
−

π ζ θ
= − −

π ∫
1444444442444444443

a  

 
2 f 2 f 2 f 2 fl 0j l j z '(cos 1) j l j z '(cos 1)

c c c c
A

0 l

E e e dz ' e e dz'
π π π π

θ− θ+

−

= +∫ ∫   

2 f 2 f 2 f 2 fl 0j l j z '(cos 1) j l j z '(cos 1)
c c c c

0 l
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− θ+ − θ−

−

− −∫ ∫  
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π π π π
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j2 f j2 f(cos 1) (cos 1)

c c
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2 flcos 2 fl 2 fl 2 flcos 2 fl 2 flcos 2 flcos 2 flj j j j j j j j

c c c c c c c c[e e e e ] [e e e e ]
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2. ULTRA WIDEBAND ANTENNAS                       Şule ÇOLAK 

 22 

Then radiated electric field becomes 

 

0

0

V(f ) 2 fl cos 2 fl 2 f( , f ) cos cos exp j (r l) .
2 rZ sin c c cθ

ζ π θ π π   = − − − +  π θ    

rE r a    (10) 

  

When the generator voltage Vg(t) is a monopulse, which is the 1st derivative 

of Gaussian pulse:    

 

( )2 3/ 2 2 2 2 2t 1 tVg(t) exp ( ) Vg(f ) (2 ) T f exp 2 T f
T 2 T

 = − ⇒ = π − π 
 

,    (11) 

 

then the radiated far field in the frequency domain, due to this center-fed cylindrical 

thin dipole  is found as follows 

 

( )2 2 2 2
0

0

2 T f exp 2 T f 2 flcos 2 fl 2 f( ,f ) cos cos exp j (r l) .
rZ sin c c cθ

ζ π − π π θ π π   = − − − +  θ    

rE r a

              

(12) 

 

    2.3. Radiated Energy 

 

As noted earlier, radiation pattern is an important specification for the 

antenna design. In order to obtain the radiation pattern for the thin dipole, radiated 

energy is formulated by considering the total spectrum as follows 

     

2
rad T

0

1W ( , f ) df
∞

−∞

=
ζ ∫ E r                  (13) 
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0
rad

0

V(f ) 2 fl cos 2 fl 2 fW cos cos exp j (r l) df
2 rZ sin c c c

∞

θ
−∞
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22 2
0 g

2
0

V (f ) 2 fl cos 2 flcos cos df
(2 rZ sin ) c c

∞

−∞

ζ π θ π = − π θ  ∫  

 

Substituting the Gaussian monopulse expression for Vg(f) and Z0= 

(ζ0/π)ln(2l/a) into the equation, Wrad becomes 

 

2
23 4 2

2 (2 fT)0
rad 2 2 2 2

0 0

(2 ) T 2 flcos 2 flW f e cos cos df
(2 ) r Z sin c c

∞
− ππ ζ π θ π = − π θ  ∫            (14) 

 

and it reduces to 

 

2
23 4

2 (2 fT)
rad

2 0

4 T 2 fl cos 2 flW f e cos cos df
2l c c[r ln( )sin ]
a

∞
− ππ π θ π = −  θ

∫ .           (15) 

 

Parenthesis in Eq. (15) can be expanded to obtain an explicit expression for 

the radiated energy Wrad as follows 

  

2
3 4

2 (2 fT) 2 2
rad

2 0

4 T 2 fl cos 2 fl cos 2 fl 2 flW f e cos 2cos cos cos df
2l c c c c[r ln( ) sin ]
a

∞
− ππ π θ π θ π π = − − +  θ

∫

                    (16) 

 

The integral in Eq. (16) can be evaluated using the expressions given below 

(Gradshteyn, 1980), 

 
2

2
2 2
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2 (px ) 4p

5
0
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Then, each expression in paranthesis can be determined in the following 

manner: 

 

22 (2 Tf ) 2

0

2 flcosA f e cos df
c

∞
− π π θ

= ∫  

         

2
2 2

2 (2 Tf )
2 (2 Tf ) 2 (2 Tf )

0 0 0

4 flcos 4 flcos1 cos cosf ec cA f e df df f e df
2 2 2

∞ ∞ ∞− π
− π − π

π θ π θ+
= = +∫ ∫ ∫  

 

( )2

2 2

2
2

4 lcos
c 4(2 T)

2 2 2 2 5

4 lcos2(2 T)
1 1 cA [ e ]
2 2(2.4 T ) 4 T 8(2 T)

π θ
−

π

π θ π − π  = + π
π π π

 

 

( )
22 lcos2

cT
3 2 5

8( Tc) 4 l cos1A [ e ]
2 4(2 T) 8c (2 T)

θ − 
 

π − π θπ
= + π

π π
 

 

22 (2 Tf )

0

2 flcos 2 flB f e cos .cos df
c c

∞
− π π θ π

= ∫  

 

22 (2 Tf )

0

1 2 fl(cos 1) 2 fl(cos 1)B f e [cos .cos df
2 c c

∞
− π π θ + π θ −

= ∫  

 

( )2

2 2

2
2

2 l(cos 1)
c 4(2 T)

5

2 l(cos 1)2(2 T)
1 cB [ e
2 8(2 T)

π θ+
−

π

π θ + π −  
 = π

π
   

( )2

2 2

2
2

2 l(cos 1)

c 4(2 T)
5

2 l(cos 1)2(2 T)
c e ]

8(2 T)

π θ−
−

π

π θ − π −  
 +

π
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( )
22 l(cos 1)2

2cT
2 5

8( Tc) 2 l(cos 1)1B [ e
2 8c (2 T)

θ+ − 
 

π − π θ +
= π

π
 

( )
22 l(cos 1)2

2cT
2 5

8( Tc) 2 l(cos 1)
e ]

8c (2 T)

θ− − 
 

π − π θ −
+

π
 

 

22 (2 Tf ) 2

0

2 flC f e cos df
c

∞
− π π

= ∫  

 

2 2 22 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

4 fl1 cos 1 4 flcC f e df [ f e df f e cos df ]
2 2 c

∞ ∞ ∞
− π − π − π

π
+ π

= = +∫ ∫ ∫  

 

( )2

2 2

2
2

4 l
c 4(2 T)

2 2 2 2 5

4 l2(2 T)
1 1 cC [ e ]
2 2(2.4 T ) 4 T 8(2 T)

π
−

π

π π −  π  = + π
π π π

  

 

( )
22 l2

cT
3 2 5

8( Tc) 4 l1C [ e ]
2 4(2 T) 8c (2 T)

 − 
 

π − ππ
= + π

π π
 

 

Then final form of Wrad can be expressed simply as shown below 

 

[ ]
3 4

rad
2

4 TW A 2B C2l[r ln( )sin ]
a

π
= − +

θ
.               (19) 

     

     2.4. Receiving Dipole 

 

When the radiated field from the transmitting antenna is incident on a 

receiving dipole of length 2lr and radius b in the far field region of the transmitting 

antenna in Figure 2.1., the induced open-circuit voltage across the terminals of the 

receiving dipole is calculated as follows (Samaddar,1993) 
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 effV(f ) (r, f ) (f )= ⋅E h                                          (20) 

 

where, heff is the effective length of the receiving antenna and it’s general expression 

is defined as (Samaddar,1993) 

 

r

eff r r r r r
in ,r V

ˆ ˆ[ ] 2 f ˆh (f ) ( , f ) exp ( . ) dv
I c
− π = ⋅  

 ∫∫∫
1 J r rr rr r r .            (21) 

 

Here, r̂r and rr represent the unit vector in a radial direction and the position vector of 

a source element that is measured from the coordinate system of the receiving 

antenna, respectively; 1 is a unit dyadic; Jr(rr,f) and Iin,r are the induced current 

density and short-circuit current on the receiving antenna. By substituting these 

parameters and considering that the receiving dipole is oriented along the z axis, 

effective length heff(f) takes the form,  

  

  
r

l
r

eff r r
in,r l

sin 2 f(f ) I(z, f ) exp( j z cos )dz
I cθ

−

θ π
= − θ∫h ar              (22) 

 

where I(z,f) is the induced current density on thin dipole. Note that the same 

transmission line analogy as in the transmitting dipole is used in the receiving dipole 

(Samaddar, 1993). Then the effective length is determined as 

 

 

r r r

eff r
r

r

2 fl cos 2 fl2 cos cos
c c(f ) 2 fl2 f( )sin sin

c c

θ

π θ π −  = −
ππ θ

h ar .                    (23) 

 

The open circuit voltage V(f) then becomes 
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j2 f r r r(r l)
c

0 g
r

r0 r

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]V (f )e c c c cˆ ˆV(f ) .2 fl2 f2 rZ sin sin ( )sin
c c

π
− +

θ θ

π θ ππ θ π− −ζ
=

πππ θ θ
a a

                    (24) 

 

The voltage VL(f) across the load ZL connected across the terminals of the 

receiving dipole is given by the expression 

 

 L L
L in ,r

V(f )V (f ) Z
Z Z

=
+

                               (25)        

 

where Zin,r is the input impedance of the receiving dipole. VL(f) then becomes as 

follows 

 

22 (2 fT) r r r
j2 f0 L (r l)

c
L

0 r r
r 0 L

2 fl cos 2 fl2 flcos 2 fl2 cT e Z [cos cos ][cos cos ]
c c c cV (f ) e .2 fl 2 fl2lr sin sin Z [Z j ln( )cot ]fsin

a c c

− π
π

− +

π θ ππ θ π
ζ π − −

=
ζ π π

π θ θ −
π

  

(26) 

 

  2.5. Received Energy 

 

Characteristic of the received energy by the load at the receiver is also 

important and needs to be considered for understanding the behavior of UWB 

antennas. The energy received by the load at the terminals of the receiving dipole can 

be obtained from 

 
2

L
rec *

L

V (f )
W df

Z

∞

−∞

= ∫ .                                             (27)  

 

Substituting VL(f) into Eqn. (27), we obtain 
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2
2

2 (2 fT) r r r
j2 f0 L (r l)

c
rec

0 r rL
r 0 L

2 fl cos 2 fl2 flcos 2 fl2 cT e Z [cos cos ][cos cos ]1 c c c cW e df.
2 fl 2 fl2lZ r sin sin Z [Z j ln( )cot ]fsin

a c c

− π
∞ π

− +

−∞

π θ ππ θ π
ζ π − −

=
ζ π π

π θ θ −
π

∫  

 

Received energy then takes the form 

 

2 2 2r r r
2 4 (2 Tf )

0
rec 2

2 22 0 rr0 r
L

2  fl cos 2  fl2  fl cos 2  fl[cos cos ] [cos cos ]( c) 2 T e c c c cW df2  fl2l2  fl [ rZ sin sin ] Z [ ln( )cot ]sin
a cc

∞ − π

−∞

π θ ππ θ π
− −ζ π

=
ζ πππ θ θ   +  π 

∫

               

which reduces to 

 

2

22
r r r

2 4 (2 Tf )
L

rec
2 2 22 0 rr0

r L

2  fl cos 2  fl2  flcos 2  flcos cos cos cos
4 Z c T e c c c cW df
2l 2  fl2l2  fl [r ln( )sin sin ] Z [ ln( ) cot ]sin
a a cc

∞ − π
π θ ππ θ π   − −  π    =

ζ ππ θ θ +  π 

∫

                    (28) 

 

which can easily be solved numerically by using computer programs. 

     

    2.6. Correlation Coefficient 

 

 For UWB applications, in addition to assessing the radiated and received 

energies, it is also important to figure out how an antenna changes the shape of a 

waveform when transmitting or receiving. This could be achieved by employing a 

correlation between the transmitted or received waveform and a template.   

When correlation detection is used at the receiver, it is appropriate to define 

the correlation between the transmitted or received signal and a template function 

and then observe the correlation pattern. It has been stated that different detection 

schemes can also be modeled in this way even though they do not actually employ a 

correlation detector (Mclean et al, 2005).  

When the aim is to perform signal recognition, mainly the shape of the signal 

is concerned rather than the magnitude of the signal. In this case, the normalized 
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correlation coefficient is defined as a function of direction (Mclean et al, 2005). The 

template function is selected considering the aim of the application. When the 

detection mechanism has already been specified for a communication system, it is 

reasonable to choose a template corresponding to the optimum input waveform. If 

the objective is to see how well an antenna keeps the shape of the waveform with 

respect to angle, it is reasonable to choose the template function that matches the 

waveform radiated in a reference direction; for example, the direction of maximum 

radiated energy density (Mclean et al., 2005). 

Therefore, firstly, in order to observe how well the dipole maintains signal 

shape with respect to direction, correlation coefficient is obtained between the field 

expression and a template (Mclean et al., 2005), which is the field expression at 

broadside direction as follows  

 

*

0
2

2

0 0

( ,f , ) ( ,f , )df
2

CC

( ,f , ) df ( , f , ) df
2

∞

∞ ∞

π
θ

=
π

θ

∫

∫ ∫

E r E r

E r E r

              (29) 

 

The electric field expression has already been obtained as 

 

0

0

V(f ) 2 flcos 2 fl 2 f( , f ) cos cos exp j (r l) .
2 rZ sin c c cθ

ζ π θ π π   = − − − +  π θ    

rE r a  

 

V(f ) 2 flcos 2 fl 2 fcos cos exp j (r l) .
2l c c c2r ln( )sin
a

θ

π θ π π   = − − − +     θ
ar         (30) 

 

If the field expression at π/2 direction is represented by E(r,f,π/2), then 

E(r,f,π/2) can be evaluated as  
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g
2 flcosV (f ) 2 fl 2 f2( , f , ) [cos cos ]exp j (r l) .

2l2 c c c2r ln( )sin
a 2

θ

π
ππ π π = − − − + π  

E r ar  

 

    gV (f ) 2 fl 2 fcos0 cos exp j (r l) .
2l c c2r ln( )
a

θ

π π   = − − − +     
ar  

gV (f ) 2 fl 2 f( , f , ) 1 cos exp j (r l) .2l2 c c2r ln( )
a

θ
π π π   = − − − +     

E r ar              (31) 

 

First, correlation between electric field and the field at π/2 direction which is 

the template in this case is obtained as follows 

 

ga V (f ) 2 fl cos 2 fl 2 f( , f , ). ( , f , )df cos cos exp j (r l)
2l2 c c c2r ln( ) sin
a

∞ ∞
θ

−∞ −∞

−π π θ π π   θ = − − +     θ
∫ ∫E r E r

           

    ga V (f ) 2 fl 2 f1 cos exp j (r l) .2l c c2r ln( )
a

θ− π π   × − +     
 

 
2

g

2

| V (f ) | 2 fl cos 2 fl 2 flcos cos 1 cos df2l c c c[2r ln( )] sin
a

∞

−∞

π θ π π   = − −      θ
∫              (32) 

 

Substituting Gaussian Monocycle expression into the Eqn. (32) and 

expanding the terms in parentheses, correlation between the two terms becomes 

 
23 4 2 (2 fT)

2

2

(2 ) T f e 2 flcos 2 flcos 2 fl 2 fl 2 flC cos cos cos cos cos df2l c c c c c[2r ln( )] sin
a

∞ − π

−∞

π π θ π θ π π π = − − +  θ
∫
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Next step in evaluating correlation coefficient is the determination of square 

root of energies for normalizing the fields. Therefore, square root of the radiated 

energy is obtained as shown below:  

 

 

22

2 gV (f ) 2 fl cos 2 fl( , f , ) .df cos cos .df2l c c2r ln( )sin
a

∞ ∞

−∞ −∞

π θ π θ = −  θ
∫ ∫E r   

2
23/ 2 2

2 (2 fT)(2 ) T 2 flcos 2 flf e cos cos .df
2l c c2r ln( )sin
a

∞
− π

−∞

π π θ π = −  θ
∫    (33) 

 

 Similarly, square root of radiated energy at broadside direction is formulated 

as follows: 

 
222

g
2

V (f ) 2 fl( ,f , ) .df 1 cos .df
2 c2l2r ln( )

a

∞ ∞

−∞ −∞

π π = −   
  

∫ ∫E r  

 

      
2

23 / 2 2
2 (2 fT)(2 ) T 2 flf e 1 cos .df

2l c2r ln( )
a

∞
− π

−∞

π π = −  ∫            (34) 

 

 Then, correlation coefficient is obtained after normalizing the two field 

expressions by their energy, respectively as below 

 

*

0
2

2

0 0

( ,f , ) ( ,f , )df
2

CC

( ,f , ) df ( , f , ) df
2

∞

∞ ∞

π
θ

=
π

θ

∫

∫ ∫

E r E r

E r E r

              (35) 
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Substituting corresponding field expressions into Eqn. (35), the correlation 

coefficient expression below is obtained.  

 

2

2

3 4
2 (2 Tf )

2 0

2

3 / 2 2
2 (2 Tf ) 2

0

(2 ) T 2 flcosf e [cos
2l c[2r ln( )] sin
a

2 fl cos 2 fl 2 fl 2 fl                                     cos cos cos cos ]df
c c c cCC

(2 ) T 2 flcos 2 flf e [cos cos ] df
2l c c2r ln( ) sin
a

   

∞
− π

∞
− π

π π θ
⋅

θ

π θ π π π
− − +

=
π π θ π

⋅ −
θ

∫

∫

2
3 / 2 2

2 (2 Tf ) 2

0

(2 ) T 2 fl                                                    f e [1 cos ] df
2l c2r ln( )
a

∞
− ππ π

× ⋅ −∫

     

(36) 

 

 For ease of mathematical treatment in evaluating the correlation coefficient, 

expression in numerator is denoted by N and expressions in denominator are denoted 

by D1, and D2, respectively.  Then, the correlation coefficient can be written in the 

form 

 

NCC
D1*D2

=                                       (37) 

  

Parenthesis in N can be expanded to obtain an explicit expression as follows 

 

N= 
2 22 (2 Tf ) 2 (2 Tf )

0 0

2 fl cos 2 fl cos 2 fl2 f e cos df f e cos cos df
c c c

∞ ∞
− π − π π θ π θ π −


∫ ∫  

2 22 (2 Tf ) 2 (2 Tf ) 2

0 0

2 fl 2 flf e cos df f e cos df
c c

∞ ∞
− π − π π π − + 


∫ ∫  
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( ) ( )2 22 (2 Tf ) 2 (2 Tf )

0 0

2 fl cos 1 2 fl cos 12 flcos 12 f e cos df 2 f e cos cos df
c 2 c c

∞ ∞
− π − π  π θ+ π θ−π θ

= − + 
 

∫ ∫  

2 22 (2 Tf ) 2 (2 Tf )

0 0

2 fl 1 2.2 fl2 f e cos df 2 f e 1 cos df
c 2 c

∞ ∞
− π − ππ π − + +  ∫ ∫  

( ) ( )2 2 22 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

2 fl cos 1 2 fl cos 12 flcos2 f e cos df f e cos df f e cos df
c c c

∞ ∞ ∞
− π − π − ππ θ+ π θ−π θ

= − −∫ ∫ ∫  

2 2 22 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

2 fl 4 fl2 f e cos df f e df f e cos df
c c

∞ ∞ ∞
− π − π − ππ π

− + +∫ ∫ ∫  

          (38) 

 

The integrals in Eqn. (38) can be evaluated using the expressions given below 

(Gradshteyn, 1980),  

 
2

2
2 2

a2 2 ( )
2 (px ) 4p

5
0

2p ax e cosax.dx e
8p

∞ −
− −

= π∫  

 

( )
( )

22n px
n

0

2n 1 !!
x e dx , p 0       1!! 1

p2 2p

∞
− − π

= > =∫            

 

which were used for evaluating the integrals in Eqn. (16). Then, explicit expression 

for each integral can be obtained in the following manner: 

 

( )

( )

2

2 2 2

2

2
2

2 lcos
2 (2 Tf ) c 4(2 T)

5
0

2 lcos2
2cT

2 5

2 lcos2(2 T)
2 flcos cA f e cos df e

c 8(2 T)

8( Tc) 2 lcos
e

8c (2 T)

π θ∞ −
− π π

θ − 
 

π θ π −  π θ  = = π
π

π − π θ
= π

π

∫  
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( )
( )

( )( )

( )( ) ( )

2

2 2 2

2

2
2

2 l cos 1

2 (2 Tf ) c 4(2 T)
5

0

2 l cos 12
2cT

2 5

2 l cos 1
2(2 T)

c2 fl cos 1
B f e cos df e

c 8(2 T)

8( Tc) 2 l cos 1
e

8c (2 T)

π θ+∞ −
− π π

 θ+
−   

 π θ +
π −  π θ +  = = π

π

π − π θ +
= π

π

∫

 

 

( ) ( )( ) ( ) 2

2

2 l cos 12
2cT2 (2 Tf )

2 5
0

8( Tc) 2 l cos 12 fl cos 1
C f e cos df e

c 8c (2 T)

 θ−∞ −  − π  
π − π θ −π θ −

= = π
π∫  

 

( )
2

2
2 l2

2 (2 Tf ) 2cT
2 5

0

8( Tc) 2 l2 flD f e cos df e
c 8c (2 T)

 ∞ − − π  
π − ππ

= = π
π∫  

 

( )
( )

22 (2 Tf )
2 32

0

2.1 1 !!
E f e df

(2 T) 4(2 T)2 2(2 T)

∞
− π − π π

= = =
π ππ∫  

 

( )
2

2
2 l2

2 (2 Tf ) 2cT
2 5

0

8( Tc) 4 l4 flF f e cos df e
c 8c (2 T)

 ∞ − − π  
π − ππ

= = π
π∫  

 

Therefore, the final form of N can be denoted as shown below 

 

N =2A – B –C -2D +E +F.                           (39) 

 

Similarly, parenthesis in D1 can be expanded to obtain the explicit form of 

the integrals as follows  

 

D1  = 22 (2 Tf ) 2 2

0

2 flcos 2 flcos 2 fl 2 fl2 f e cos 2cos cos cos df
c c c c

∞
− π π θ π θ π π − +  ∫          (40) 
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( ) ( )22 (2 Tf )

0

4 flcos 4 fl1 cos 1 cos2 fl cos 1 2 fl cos 11c c2 f e 2 cos cos df
2 2 c c 2

∞
− π

π θ π + +  π θ+ π θ−
= − + +  

  
 

∫

 

( )

( )

2 2 2

2 2 2

2 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

2 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

2 fl cos 14 flcosf e df f e cos df 2 f e cos df
c c

2 fl cos 1 4 fl                            2 f e cos df f e df f e cos df
c c

∞ ∞ ∞
− π − π − π

∞ ∞ ∞
− π − π − π

π θ+π θ
+ −

=
π θ− π

− + +

∫ ∫ ∫

∫ ∫ ∫
 

 

( )

( )

2 2 2

2 2

2 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

2 (2 Tf ) 2 (2 Tf )

0 0

2 fl cos 14 flcos2 f e df f e cos df 2 f e cos df
c c

2 fl cos 1 4 fl                                  f e cos df f e cos df
c c

∞ ∞ ∞
− π − π − π

∞ ∞
− π − π

π θ+π θ
+ −

=
π θ− π

− +

∫ ∫ ∫

∫ ∫
 

 

22 (2 Tf )
3

0

G f e df
4(2 T)

∞
− π π

= =
π∫ , which is same as E 

 

( )
2

2
2 lcos2

2 (2 Tf ) 2cT
2 5

0

8( Tc) 4 lcos4 flcosH f e cos df e
c 8c (2 T)

θ ∞ − − π  
π − π θπ θ

= == π
π∫  

 

( ) ( )( ) ( ) 2

2

2 l cos 12
2cT2 (2 Tf )

2 5
0

8( Tc) 2 l cos 12 fl cos 1
I f e cos df e

c 8c (2 T)

 θ+∞ −  − π  
π − π θ +π θ +

= = π
π∫ ,  

 

which is same as B. 

 

( ) ( )( ) ( ) 2

2

2 l cos 12
2cT2 (2 Tf )

2 5
0

8( Tc) 2 l cos 12 fl cos 1
J f e cos df e

c 8c (2 T)

 θ−∞ −  − π  
π − π θ −π θ −

= = π
π∫ , 

 

which is same as C. 
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( )
2

2
2 l2

2 (2 Tf ) 2cT
2 5

0

8( Tc) 4 l4 flK f e cos df e
c 8c (2 T)

 ∞ − − π  
π − ππ

= = π
π∫ , which is same as D. 

 

Then, D1 can be expressed as 

 

D1 2G H 2I 2J K= + − − +                                        (41) 

 

Finally, D2 is also found in a straightforward manner as follows 

 

22 (2 Tf ) 2

0

2 fl 2 flD2 2 f e 1 2cos cos df
c c

∞
− π π π = − +  ∫                            (42) 

 

 2 2 22 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

4 fl[1 cos ]2 fl c2 f e df 2 f e .2.cos df 2 f e df
c 2

∞ ∞ ∞
− π − π − π

π+π
= − +∫ ∫ ∫  

 

2 2 2 22 (2 Tf ) 2 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0 0

2 fl 4 fl2 f e df 4 f e cos df f e df f e cos df
c c

∞ ∞ ∞ ∞
− π − π − π − ππ π

= − + +∫ ∫ ∫ ∫  

 

2 2 22 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

2 fl 4 fl3 f e df 4 f e cos df f e cos df
c c

∞ ∞ ∞
− π − π − ππ π

= − +∫ ∫ ∫  

 

22 (2 Tf )
3

0

L f e df
4(2 T)

∞
− π π

= =
π∫  

 

( )
2

2
2 l2

2 (2 Tf ) 2cT
2 5

0

8( Tc) 2 l2 flM f e cos df e
c 8c (2 T)

 ∞ − − π  
π − ππ

= = π
π∫  
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( )
2

2
2 l2

2 (2 Tf ) 2cT
2 5

0

8( Tc) 4 l4 flN f e cos df e
c 8c (2 T)

 ∞ − − π  
π − ππ

= = π
π∫  

 

Then, D2 can be written as 

 

D2 3L 4M N= − + .                                        (43) 

 

As a result, after these mathematical manipulations, correlation coefficient 

can be expressed as follows 

 

2A B C 2D E FCC
2G H 2I 2J K 3L 4M N

− − − + +
=

+ − − + − +
.                          (44) 

 

In the paper of Mclean et. al. (2005), correlation coefficient has been 

described as the square of the correlation coefficient definition presented in this 

study. In that paper, the definitions were given in time domain and the computations 

were performed using method of moments (MoM). The input excitation was 

Gaussian pulse. They chose three different pulse widths in terms of the dipole transit 

time l/c, where l is the overall length of the dipole and c is the free space wave 

velocity. The three natural widths of the Gaussian pulses were stated to be 2.98×10-

1×l/c, 1.49×10-1×l/c, and 7.45×10-2×l/c.  

For comparison purposes, the analysis presented in this study is repeated 

using the Gaussian pulse as input signal and selecting the pulse widths in terms of the 

dipole transit time and correlation coefficient graph is obtained. The results are in 

agreement with the results obtained in the paper (Mclean et. al., 2005) and it is seen 

in the following figure (Figure 2.2). This comparison is presented for the verification 

of analysis performed here. 

 



2. ULTRA WIDEBAND ANTENNAS                       Şule ÇOLAK 

 38 

 
Figure 2.2. Correlation coefficient between E(f,θ) and E(f,π/2) for one dipole 

 

As noted earlier, the radiation pattern of the antenna is a function of both 

frequency and direction. Additionally, antenna distorts the pulse and causes change 

in the shape of the incoming pulse. The pulse waveform arriving at the receiver 

usually does not look like input pulse at the transmitter. This makes detection process 

of the applied pulse much more complicated. For this reason, in UWB systems, 

characterizing radiation patterns are not solely enough to describe the antenna 

behavior. Therefore, pulse detection at the receiver is another important issue and 

can be accomplished by choosing the template properly. The characteristic of the 

pulses at the receiver is important for understanding the overall performance of the 

antenna system.  

To asses this abovementioned detection issue; that is, in order to find out how 

well the dipole antenna at the receiver side is capable of detecting the applied input 

signal, correlation coefficient between the load voltage at the receiver and the source 
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voltage at the transmitter should be considered. For this purpose, source voltage Vg 

and load voltage VL are correlated and each normalized with their energy to obtain 

the correlation coefficient as follows 

 

     

*
g L

2 2
g L

V (f )V (f )df
CC

V (f ) df V (f ) df

∞

−∞

∞ ∞

−∞ −∞

=
∫

∫ ∫
.                     (45)   

 

The numerator *
g LV (f )V (f )df

∞

−∞
∫ , which is the correlation between Vg(f) and VL(f) is 

determined as follows: 

 
2

2

2 (2 fT) r r r
j2 f0 L (r l)3/ 2 2 2( fT) c

r
0 r r

r 0 L

2 fl cos 2 fl2 flcos 2 fl2 cT e Z [cos cos ][cos cos ]
c c c cˆ ˆ (2 ) T fe e2 fl 2 fl2lrsin sin Z [Z j ln( )cot ]f sin

a c c

− π
∞ π

+ +− π
θ θ

−∞

π θ ππ θ π
ζ π − −

= π
ζ π π

π θ θ +
π

∫a a  

 

2

I

r r r
j2 f2 4 (2 fT) L (r l)0 c

r 0 r0 r
L

C

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]Zc(2 ) T fe c c c c e df2 fl 2 fl2lrZ sin sin sin [Z j ln( )cot ]
c a c

∞ π− π + +

−∞

π θ ππ θ π− −ζ π
=

π ζ ππ θ θ +
π

∫
144444444444444424444444444444443

 

 

The integral, which is denoted by CI can be manipulated as shown below 

 

2 r r r
j2 f(2 fT) L (r l)

c
I

r 0 r0
L

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]Zfe c c c cC e df2 fl 2 fl2lsin [Z j ln( ) cot ]
c a c

∞ π− π + +

π θ ππ θ π− −
=

π ζ π
+

π

∫  

              
2 r r r0 j2 f(2 fT) L (r l)

c

r 0 r
L

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]Zfe c c c c e df2 fl 2 fl2lsin [Z j ln( )cot ]
c a c

π− π + +

−∞

π θ ππ θ π
− −

+
π ζ π

+
π

∫  
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2 r r r
j2 f(2 fT) L (r l)

c
I

r 0 r0
L

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]Zfe c c c cC e df2 fl 2 fl2lsin [Z j ln( ) cot ]
c a c

∞ π− π + +

π θ ππ θ π− −
=

π ζ π
+

π

∫

    
2 r r r

j2 f(2 fT) L (r l)
c

r 0 r0
L

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]Zfe c c c c e df2 fl 2 fl2lsin [Z j ln( )cot ]
c a c

∞ π− π − +

π θ ππ θ π
− −

+
π ζ π

−
π

∫  

 
2(2 fT)

r r r
I L

r0

2 fl cos 2 flfe 2 flcos 2 flC [cos cos ][cos cos ]Z2 fl c c c csin
c

∞ − π π θ ππ θ π
= − −

π∫        

A

j2 f j2 f(r l) (r l)
c c

0 0r r
L L

Z

e e df2 fl 2 fl2l 2l[Z j ln( ) cot ] [Z j ln( ) cot ]
a c a c

π π
+ + − + 

 
× + ζ ζπ π + −

π π 1444444444442444444444443

 

 

The expression in parenthesis, which is denoted as ZA can be determined in 

the following manner 

 

j2 f (r l)
c

A
0 0r r

L L

2 f 2 fcos (r l) jsin (r l)e c cZ 2Re{ } 2 Re{ }2 fl 2 fl2l 2l[Z j ln( ) cot ] [Z j ln( ) cot ]
a c a c

π
+ +

π π
+ + +

= =
ζ ζπ π+ +
π π

 

 

     
0 r

L

2 20 r
L

2 fl2l 2 f (r l) 2 f (r l)[Z j ln( ) cot ][cos jsin ]
a c c c2 Re{ }

2  fl2lZ [ ln( ) cot ]
a c

ζ π π + π +
− +

π=
ζ π

+
π

 

 

    
0 r

L

2 20 r
L

2  fl2 f(r l) 2l 2 f(r l)[Z cos ln( )cot sin ]
c a c c2Re{ 2  fl2lZ [ ln( )cot ]

a c

ζ ππ + π +
+

π=
ζ π

+
π

 

0 r
L

2 20 r
L

2 fl2 f (r l) 2l 2 f (r l)j[Z sin ln( ) cot cos ]
c a c c }2  fl2lZ [ ln( )cot ]

a c

ζ ππ + π +
−

π+
ζ π

+
π
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ZA then can then be found as 

 

0 r
L

A
2 20 r
L

2 fl2 f 2l 2 f[Z cos (r l) ln( )cot sin (r l)]
c a c cZ 2

2 fl2lZ [ ln( )cot ]
a c

ζ ππ π
+ + +

π=
ζ π

+
π

.             (46) 

 

Then CI reduces to 

 
2(2 fT)

r r r
I

r0

2 fl cos 2 flfe 2 fl cos 2 flC [cos cos ][cos cos ]
2 fl c c c csin

c

∞ − π π θ ππ θ π
= − −

π∫  

  0L r
L

2 20 r
L

2Z 2 fl2 f 2l 2 f[Z cos (r l) ln( )cot sin (r l)]df2 fl2l c a c cZ [ ln( ) cot ]
a c

ζ ππ π
× + + +

ζ π π+
π

.  

                   (47) 

 

 
2

gV (f ) df
∞

−∞
∫  in the denominator is determined as follows: 

 

2 2 2 2 2 2 2 2 23/ 2 2 2 T f 3 / 2 2 2 4 T f 3/ 2 2 2 4 T f

0

(2 ) T fe df (2 ) T f e df (2 ) T 2 f e df
∞ ∞ ∞

− π − π − π

−∞ −∞

π = π = π∫ ∫ ∫  

(48) 

 

Again, using the expressions introduced previously (Gradshteyn, 1980) 

 

22n px
n

0

(2n 1)!x e dx
p2.(2p)

∞
− − π

=∫ ,  [p>0, n=0,1,....] , 

 

And applying this into Eqn. (48), it can be written as 

 



2. ULTRA WIDEBAND ANTENNAS                       Şule ÇOLAK 

 42 

2 3 / 2 2 3 / 2 2
g 2 2 2 2 3

(2 1) 1V (f ) df (2 ) T 2 (2 ) T
22(2.4 T ) 4 T (2 T)

∞

−∞

− ! π π
= π = π

π π π∫
   

(49) 

 

in which n=1 and p=4π2T2 . 

 

 Next, 2
LV (f ) df

∞

−∞
∫  is evaluated as written below: 

 

2
2

2 (2 fT) r r r
j2 f0 L (r l)2 c

L
0 r r

r 0 L

2 fl cos 2 fl2 flcos 2 fl2 cT e Z [cos cos ][cos cos ]
c c c cV (f) df e df

2 fl 2 fl2lrsin sin Z [Z j ln( )cot ]fsin
a c c

− π
∞ ∞ π

− +

−∞ −∞

π θ ππ θ π
ζ π − −

=
ζ π ππ θ θ −
π

∫ ∫  

2

22
r r r

1/2 2 (2 Tf )
L

2 22 0 rr0
r L

2  fl cos 2  fl2  flcos 2  flcos cos cos cos
(2 ) cT Z e c c c c df2l 2  fl2l2  fl r ln( )sin sin Z [ ln( )cot ]sin

a a cc

∞ − π

π θ ππ θ π   − −  π    =
ζ ππ θ θ +  π 

∫  

(50) 

 

Then, substituting these derived numerator and denominator expressions, 

correlation coefficient is obtained as follows 

 

2

2

r r r
(2 Tf )

2 2r 0 r0
L

0 r
L3/ 2

1/ 4

(2 Tf )

2 r

2  fl cos 2  fl2  flcos 2  fl[cos cos ][cos cos ]fe c c c c
2  fl 2  fl2lsin Z [ ln( )cot ]

c a c
2  fl2  f 2l 2  fZ cos (r l) ln( )cot sin (r l) df

2(2 T) c a c cCC

e
2  flsin ( )

c

∞ − π

− π

π θ ππ θ π
− −

⋅
π ζ π

+
π

ζ ππ π × + + + π π =
π

π

∫

2 2r r r

2 20 r0
L

.
2  fl cos 2  fl2  flcos 2  fl[cos cos ] [cos cos ]

c c c c df2  fl2lZ [ ln( )cot ]
a c

∞
π θ ππ θ π

− −
⋅

ζ π
+

π

∫

                    (51)
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Computer programs are created based on the mathematical manipulations 

performed here, and obtained results are presented choosing the transmitting and 

receiving dipole length as λc/2, where λc is the wavelength at the center frequency fc 

of the 3.1-10.6 GHz UWB range. For all dipoles, length/radius=100 and T=1/fc.  
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Figure 2.3. Correlation coefficient between VL(f) and Vg(f) for one dipole antenna 

with dipole lengths 2l = 2lr = λc/2 , 2l/a=100 ,  ZL=250 Ω, ------
ZL=150 Ω, -.-.-.ZL=50 Ω 

 
 

Figure 2.3 shows the correlation coefficient between the load voltage and 

generator voltage for different values of terminal load. As ZL increases, correlation 

coefficient also increases. Increasing the load does not affect the shape of the 

correlation coefficient curve. The correlation coefficient depicts a smooth behavior 

with respect to direction for each ZL value. 
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Figure 2.4.  Radiated and ------ received energies which are normalized by 

energy at broadside direction with dipole lengths 2l = 2lr = λc/2, 
2l/a=100, T= 1/fc, ZL=150 Ω. 

 
 

As shown in Figure 2.4 above, the normalized radiated and received energies 

are also plotted with respect to observation angle. The normalization is performed 

with respect to the value of energy at broadside direction. The beam width of the 

received energy is narrower than the beam width of the radiated energy. This shows 

the filtering effect of the UWB antenna. 
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3. ULTRA WIDEBAND ANTENNA ARRAYS WITH EQUALLY SPACED 

    SAME LENGTH ELEMENTS 

     

    3.1. Introduction 

 

Antenna arrays can be considered as an important option to deal with 

challenging properties of UWB systems, since array parameters can be adjusted to 

improve the radiation and detection characteristics.  

In this section it is aimed to perform analysis in the frequency domain to 

evaluate the behavior of dipole arrays with equally spaced same length elements. The 

analysis is performed in the frequency domain that has already been proved to give 

accurate results for one single dipole in Section 2. Considering the total spectrum of 

the UWB signal, radiated and received energy formulas are derived and energy 

patterns are plotted with respect to angle. Also, for examining detection capability at 

the receiver, correlation coefficient between the load voltage at the terminals of the 

receiving antenna and the generator voltage applied to the transmitting antenna is 

investigated.  

Here, UWB signal is applied to the array of thin dipoles again, since 

examining thin dipole provides the idea about general behavior of arrays.  
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3.2. Theory of Radiation from an Array of Thin Dipoles 

 

 

  
 

Figure 3.1.  Geometry of a linear array of thin dipoles and a receiving thin dipole 

 

The current distribution along each of the dipoles in the array can be regarded 

as being the distribution along an open-ended transmission line with characteristic 

impedance Z=(ζ0/π)*ln(2l/a) where 2l and a are dipole length and radius, 

respectively, and ζ0 is the free space impedance. The expression is as follows 

 

0

2 fsin (l z )2 jVg(f ) 2 fcI(z, f ) exp( j l)
2 fZ (1 ) c1 exp( j l)

c

π
− π

= −
π+ α + Γ −

                    (52) 

 

As noted earlier, this current distribution approximation has already been 

presented by (Franceschietti and Papas, 1974), (Samaddar,1992) when the internal 

impedance of the generator is equal to (1-Γ)Z0/(1+Γ), where Γ is the reflection 
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coefficient from the antenna to the generator, and if the antenna is assumed to be 

very thin, that is 2l/a>>1.  

The electric field radiated from each dipole is given below 

 

0 g
0 θ

0

V (f) 2πflcosθ 2πfl j2πf(r+l)( ,f)=- cos( )-cos( ) exp -
c c c2πrZ sinθ 2N+1

ζ    
     

rE r a  

 

0 g
1 θ

0

V (f) 2πflcosθ 2πfl j2πf(r-dcos +l)( ,f)=- cos( )-cos( ) exp -
c c c2πrZ sinθ 2N+1

ζ θ   
     

rE r a

           M
M
      M

M
 

0 g
n θ

0

V (f) 2πflcosθ 2πfl j2πf(r-ndcos +l)( ,f)=- cos( )-cos( ) exp - .
c c c2πrZ sinθ 2N+1

ζ θ   
     

rE r a

 

The total electric field radiated from the array of dipoles at far field region is 

obtained as the superposition of electric fields from individual elements, and is 

obtained as follows 

               

N0 g
T θ

n N0

V (f) 2πflcosθ 2πfl j2πf(r-ndcos +l)( ,f)=- cos( )-cos( ) exp - .
c c c2πrZ sinθ 2N+1 =−

ζ θ   
∑      

rE r a

   

                                                          (53) 

 

where the dipoles are matched to the feed network and equally weighted with 

2 1N + . Mutual coupling between the elements is ignored here.  

When Gaussian monocycle of duration T is applied as the input, radiated 

energy of the array at a distance r is derived as follows 

 
j2πf(r-ndcos +l)2 N22 2 20 c

T g2
n N0

2πflcosθ 2πflE (r,f ) df V (f) [cos( )-cos( )] | e | df .
c c(2πrZ sinθ) (2N+1)

θ∞ ∞ −

=−−∞ −∞

ζ
= ∑∫ ∫

               

(54) 
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Using the identity 

 
2N N N N N N N2 2* *

i i i j i i j
i 1 i 1 i 1 j 1 i 1 i 1 j i 1

Z Z Re(Z Z ) Z 2 Re(Z Z )
= = = = = = = +

= + = +∑ ∑ ∑ ∑ ∑ ∑ ∑            (55) 

 

where Zi is a complex function, the magnitude square expression in Eqn. (54) is 

determined as follows 

 
j2πf(r-ndcos +l) 2 f (r nd cos l) 2 f (r nd cos l) 2 f (r md cos l)N N N Nj j j2 2c c c c

n N n N n N m N
| e | | e | Re e e

θ π − θ+ π − θ+ π − θ+
− − −

=− =− =− =−

  = + ⋅∑ ∑ ∑ ∑  
  

 

 
j2 f (r nd cos l) j2 f (r (m n)d cos l)N N N N N N2c c

n N n N m N n N n N m N

2 f| e | Re e 1 cos [(m n)d cos ].
c

π − θ+ π − − θ+−

=− =− =− =− =− =−

  π = + = + − θ∑ ∑ ∑ ∑ ∑ ∑ 
  

 

(56) 

 

 Then, radiated energy becomes 

 
2 2

rad g
2 0

1 2πflcosθ 2πflW = V (f ) [cos -cos ]
2l c c2[rsinθ ln( )] (2N+1)
a

∞
∫

 

  n m

N N

n=-N m N

2πf[(2N+1)+ cos [(m-n)dcosθ]]df
c

≠
=−

∑ ∑×  (57) 

 

Substituting 
2 2 23/ 2 2 2 T f

gV (f ) (2 ) T fe− π= π into Eqn. (57), Wrad is derived as follows 

 

 

23 4
2 -(2πTf) 2

rad
2 0

4π T 2πflcosθ 2πflW = f e [cos -cos ]2l c c[rsinθ ln( )] (2N+1)
a

∞

∫    

n m

N N

n=-N m=-N

2πf[(2N+1)+ cos [(m-n)dcosθ]]df.
c

≠

× ∑ ∑             (58) 
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The parenthesis in Eqn. (58) can be expanded to obtain an explicit expression 

for Wrad as follows 

 

2
3 4

2 (2 Tf )
rad

2 0

4 TW f e2l (r sin ln( )]) (2N 1)
a

∞
− ππ

=
θ +

∫                   

2 22 fl cos 2 fl cos 2 fl 2 fl{[cos 2 cos cos cos ](2N 1)
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π θ π θ π π
× − + +

  

      n m

N N

n N m N

2 fcos [(m n)d cos ]}df
c

≠
=− =−

π
+ − θ∑ ∑ .           (59) 

 

 Using the identities which were designated before in equations (17) and (18) 

(Gradshteyn, 1980), explicit expressions for the radiated energy can be obtained 

using the following procedure 
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2

4 lcos
c 4(2 T)

2 2 2 2 5

4 lcos2(2 T)
1 1 cA [ e ]
2 2(2.4 T ) 4 T 8(2 T)

π θ
−

π

π θ π − π  = + π
π π π

 

 

( )
22 lcos2

cT
3 2 5

8( Tc) 4 l cos1A [ e ]
2 4(2 T) 8c (2 T)

θ − 
 

π − π θπ
= + π

π π
 

 

22 (2 Tf )

0

2 flcos 2 flB f e cos .cos df
c c

∞
− π π θ π

= ∫  
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22 (2 Tf )

0

1 2 fl(cos 1) 2 fl(cos 1)B f e [cos .cos df
2 c c

∞
− π π θ + π θ −

= ∫  

 

( ) ( )2 2

2 2 2 2

2 2
2 2

2 l(cos 1) 2 l(cos 1)
c 4(2 T) c 4(2 T)

5 5

2 l(cos 1) 2 l(cos 1)2(2 T) 2(2 T)
1 c cB [ e e ]
2 8(2 T) 8(2 T)

π θ+ π θ−
− −

π π

π θ + π θ −   π − π −   
   = π +

π π
   

 

( ) ( )
2 22 2l(cos 1) l(cos 1)2 2

2cT 2cT
2 5 2 5

8( Tc) 2 l(cos 1) 8( Tc) 2 l(cos 1)1B [ e e ]
2 8c (2 T) 8c (2 T)

θ+ θ−   − −   
   

π − π θ + π − π θ −
= π +

π π
 

 

22 (2 Tf ) 2

0

2 flC f e cos df
c

∞
− π π

= ∫  

 

2 2 22 (2 Tf ) 2 (2 Tf ) 2 (2 Tf )

0 0 0

4 fl1 cos 1 4 flcC f e df [ f e df f e cos df ]
2 2 c

∞ ∞ ∞
− π − π − π

π
+ π

= = +∫ ∫ ∫  

( )2

2 2

2
2

4 l
c 4(2 T)

2 2 2 2 5

4 l2(2 T)
1 1 cC [ e ]
2 2(2.4 T ) 4 T 8(2 T)

π
−

π

π π −  π  = + π
π π π

  

 

( )
22 l2

cT
3 2 5

8( Tc) 4 l1C [ e ]
2 4(2 T) 8c (2 T)

 − 
 

π − ππ
= + π

π π
 

 

22 (2 Tf ) 2

0

2 flcos 2 fD f e cos .cos [(m n)dcos ]df
c c

∞
− π π θ π

= − θ∫  

 

22 (2 Tf )

0

1 2 f (m n)d cosD f e cos df
2 c

∞
− π π − θ

= ∫  

 
22 (2 Tf )

0

2 f (m n)d cos1 4 fl cosf e cos cos df
2 c c

∞
− π π − θπ θ

+∫  
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22 (2 Tf )

0

1 2 f (m n)d cosD f e cos df
2 c

∞
− π π − θ

= ∫  

22 (2 Tf )

0

2 f[2l cos (m n)d cos ] 2 f[2l cos (m n)d cos ]1 1f e [cos cos ]df
2 2 c c

∞
− π π θ + − θ π θ − − θ

+ +∫
 

22 (2 Tf )

0

1 2 f (m n)d cosD f e cos df
2 c

∞
− π π − θ

= ∫  

22 (2 Tf )

0

2 f[2l cos (m n)d cos ]1 f e [cos df
4 c

∞
− π π θ + − θ

+ ∫  

22 (2 Tf )

0

2 f[2l cos (m n)d cos ]1 f e [cos df
4 c

∞
− π π θ − − θ

+ ∫  

 

{ } { }2

2 2
2 [(m n)dcos ]22

c 4(2 T)
2 5

2(2 Tc) 2 (m n)d cos1D { e
2 8c (2 T)

π − θ
−

ππ − π − θ
= π

π

 { } { }2

2 2

2 [2l cos (m n)d cos ]22
c 4(2 T)

2 5

2(2 Tc) 2 [2lcos (m n)dcos
e

8c (2 T)

π θ+ − θ
−

ππ − π θ + − θ
+ π

π

 { } { }2

2 2

2 [2l cos (m n)d cos ]22
c 4(2 T)

2 5

2(2 Tc) 2 [2lcos (m n)d cos ]
e

8c (2 T)

π θ− − θ
−

ππ − π θ − − θ
+ π

π
 

 

{ }
22 (m n)d cos )2 2 2

2cT
2 5

8 T c 2 [(m n)d cos ]1D { e
2 8c (2 T)

− θ −  
π − π − θ

= π
π

  

 

{ }
22 2l cos (m n)d cos2 2 2

2cT
2 5

8 T c 2 [2lcos (m n)d cos ]1 e
4 8c (2 T)

θ+ − θ −  
π − π θ + − θ

+ π
π

  

 

{ }
22 2l cos (m n)d cos2 2 2

2cT
2 5

8 T c 2 [2lcos (m n)d cos ]
e

8c (2 T)

θ− − θ −  
π − π θ − − θ

+ π
π
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22 (2 Tf )

0

2 flcos 2 fl 2 fE f e cos .cos cos [(m n)dcos ]df
c c c

∞
− π π θ π π

= − θ∫   

 

{ }
22 lcos l (m n)d cos2 2 2

2cT
2 5

8 T c 2 [lcos l (m n)d cos ]1E { e
4 8c (2 T)

θ+ + − θ −  
π − π θ + + − θ

= π
π

 

{ }
22 l cos l (m n)d cos2 2 2

2cT
2 5

8 T c 2 [l cos l (m n)d cos ]
e

8c (2 T)

θ+ − − θ −  
π − π θ + − − θ

+ π
π

 

{ }
22 l cos l (m n)d cos2 2 2

2cT
2 5

8 T c 2 [l cos l (m n)d cos ]
e

8c (2 T)

θ− + − θ −  
π − π θ − + − θ

+ π
π

 

{ }
22 l cos l (m n)d cos2 2 2

2cT
2 5

8 T c 2 [l cos l (m n)d cos ]
e

8c (2 T)

θ− − − θ −  
π − π θ − − − θ

+ π
π

 

 

22 (2 Tf ) 2

0

2 fl 2 fF f e cos .cos [(m n)dcos ]df
c c

∞
− π π π

= − θ∫  

 

22 (2 Tf )

0

1 2 f (m n)d cosF f e cos df
2 c

∞
− π π − θ

= ∫  

 
22 (2 Tf )

0

2 f (m n)d cos1 4 flf e cos cos df
2 c c

∞
− π π − θπ

+∫  

 

22 (2 Tf )

0

1 2 f (m n)d cosF f e cos df
2 c

∞
− π π − θ

= ∫  

22 (2 Tf )

0

2 f[2l (m n)d cos ] 2 f[2l (m n)d cos ]1 1f e [cos cos ]df
2 2 c c

∞
− π π + − θ π − − θ

+ +∫  

 

22 (2 Tf )

0

1 2 f (m n)d cosF f e cos df
2 c

∞
− π π − θ

= ∫  

22 (2 Tf )

0

2 f[2l (m n)d cos ]1 f e [cos df
4 c

∞
− π π + − θ

+ ∫  

22 (2 Tf )

0

2 f[2l (m n)d cos ]1 f e [cos df
4 c

∞
− π π − − θ

+ ∫  
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{ } { }2

2 2
2 [(m n )d cos ]22

c 4(2 T)
2 5

2(2 Tc) 2 (m n)d cos1F { e
2 8c (2 T)

π − θ
−

ππ − π − θ
= π

π

 { } { }2

2 2

2 [2l (m n)d cos ]22
c 4(2 T)

2 5

2(2 Tc) 2 [2l (m n)dcos
e

8c (2 T)

π + − θ
−

ππ − π + − θ
+ π

π

 { } { }2

2 2

2 [2l cos (m n)d cos ]22
c 4(2 T)

2 5

2(2 Tc) 2 [2l (m n)d cos ]
e

8c (2 T)

π θ− − θ
−

ππ − π − − θ
+ π

π
 

 

{ }
22 (m n)d cos )2 2 2

2cT
2 5

8 T c 2 [(m n)d cos ]1F { e
2 8c (2 T)

− θ −  
π − π − θ

= π
π

   

  { }
22 2l (m n)d cos2 2 2

2cT
2 5

8 T c 2 [2l (m n)d cos ]1 e
4 8c (2 T)

+ − θ −  
π − π + − θ

+ π
π

  

  { }
22 2l (m n)d cos2 2 2

2cT
2 5

8 T c 2 [2l (m n)dcos ]
e

8c (2 T)

− − θ −  
π − π − − θ

+ π
π

  

 

Then the explicit form of the radiated energy can be expressed as follows 

 

    n m

3 4      N N

rad
2 n,m N

4 TW [(2N 1)[A 2B C] [D 2E F]]2l (r sin ln( )) (2N 1)
a ≠

=−

π
= + − + + − +

θ +
∑ ∑     

                   (60) 

 

3.3. Analysis at the Receiver Side  

  

At the receiver side, the voltage produced on the load impedance ZL across 

the terminals of the antenna is calculated from VL(f)=ET(r,f).heff(f).ZL/(ZL+Zin,r), 

where heff and Zr are the effective length and input impedance of the receiving dipole, 

respectively (Samaddar,1993). They are calculated according to the same current 

distribution approximation and transmission line approach made for the dipole 

elements in the transmitter. Therefore, VL(f) is derived as  
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N
r r r

n=-N0 L g
L

0r r r )r L

2πfl cosθ 2πfl2πflcosθ 2πfl 2πf(cos -cos )(cos -cos ) exp -j (r-ndcosθ+l)Z V (f) c c c c cV (f)= 2πfl 2l 2πfl2πfπrZ 2N+1 sinθsinθ ( )sin (Z -j ln( )cot
c c π b c

 ∑  ζ  
ζ

                         (61) 

 

where 2lr and b are the length and radius of the receiving dipole, respectively.  

Substituting Gaussian monocycle expression in Vg(f), VL(f) becomes 

 

2 2 2 r r r1/2 2 2 T f
L

L
0r r r )r L

2πfl cosθ 2πfl2πflcosθ 2πfl(cos -cos )(cos -cos )(2 ) T cZ e c c c cV (f)= 2l 2 fl 2l 2πflrln( )sinθsinθ 2N+1 sin (Z -j ln( )cot
a c π b c

− ππ
ζπ

 

2πfN -j (r-ndcosθ+l)
c

n=-N
e× ∑           (62) 

 

The received energy by the load ZL at the receiving antenna is calculated as 

shown below 

 
22 (2 Tf )4 2 2

L L
rec

2 2 r0L
L r

V (f ) e2 T c ZW df 22l 2 flZ Z [rln( )sinθsinθ ] (2N+1) sin ( )
a c

− π∞ ∞

−∞
=

π
= ∫ ∫ π

 

 
2 2r r r j2πf(r-ndcos +l)N 2c

2 2 n N0 r r
L

2πfl cosθ 2πfl2πflcosθ 2πfl[cos -cos ] [cos -cos ]
c c c c | e | df2l 2πflZ +[ ln( )cot ]

π b c

θ
−

=−
× ∑ζ

      

          (63) 

 

And using the expression obtained in Eqn. (56) for 
j2πf(r-ndcos +l)N 2c

n N
| e |

θ
−

=−
∑  , Wrec 

reduces to 
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2 2 2r r4 2 -(2πTf)
L

rec
2 2 20 r r2 r

r L

W =
0

2πfl cosθ 2πfl2πflcosθ 2πfl[cos -cos ] [cos -cos ]4 T c Z e c c c c  2l 2l 2πfl2π fl Z [ ln( )cot ][rsin sin ln( )] (2N+1) sina π b cc

∞
∫

π
ζ  +θ θ  

 
             

   n m

N N

n=-N m=-N

2πf[(m-n)dcosθ][(2N+1)+ cos ]df
c

≠

× ∑ ∑ .           (64) 

 

which can easily be solved numerically by using computer programs. 

    

    3.4. Correlation Coefficient 

 

In order to figure out the detection mechanism of the receiver, the load 

voltage VL at the receiver and the source voltage are correlated and each normalized 

with their energy to obtain the correlation coefficient.  

The numerator *
g LV (f )V (f )df

∞

−∞
∫ , which is the correlation between Vg(f) and 

VL(f) is determined as follows: 

 
2

2

2 (2 fT) r r r
0 L

3/ 2 2 2( fT)
r

r
r 0

2 fl cos 2 fl2 fl cos 2 fl2 cT e Z [cos cos ][cos cos ]
c c c cˆ ˆC (2 ) T fe 2 flr 2N 1sin sin Z f sin

c

− π
∞

− π
θ θ

−∞

π θ ππ θ π
ζ π − −

= π∫ ππ + θ θ
a a

       
j2 fN (r nd cos l)

c

n N0 r
L

1 e df2 fl2l[Z j ln( ) cot ]
a c

π
+ − θ+

=−
× ∑ζ π

+
π

       (65) 

 

2 r r r
2 4 (2 fT)

L

r 0 r
r L

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]c(2 ) T Z fe c c c c
2l 2 fl 2 fl2lrln( )sin sin sin [Z j ln( )cot ]
a c a c

∞ − π

−∞

π θ ππ θ π− −π
=

π ζ πθ θ +
π

∫  

j2 fN (r nd cos l)
c

n N
e df

π
+ − θ+

=−

× ∑  
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2 r r r
(2 fT) L

I
r 0 r0

L

2 fl cos 2 fl2 fl cos 2 fl[cos cos ][cos cos ]Zfe c c c cC 2 fl 2 fl2lsin [Z j ln( )cot ]
c a c

∞ − π
π θ ππ θ π− −

=
π ζ π

+
π

∫  

j2 fN (r nd cos l)
c

n N
e df

π
+ − θ+

=−

× ∑  

          
2 r r r0 (2 fT) L

r 0 r
L

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]Zfe c c c c
2 fl 2 fl2lsin [Z j ln( )cot ]

c a c

− π

−∞

π θ ππ θ π
− −

+
π ζ π

+
π

∫  

j2 fN (r nd cos l)
c

n N
e df

π
+ − θ+

=−

× ∑  

 

2 r r r
(2 fT) L

I
r 0 r0

L

2 fl cos 2 fl2 fl cos 2 fl[cos cos ][cos cos ]Zfe c c c cC 2 fl 2 fl2lsin [Z j ln( )cot ]
c a c

∞ − π
π θ ππ θ π− −

=
π ζ π

+
π

∫   

        
j2 fN (r nd cos l)

c

n N
e df

π
+ − θ+

=−

× ∑

  
2 r r r

(2 fT) L

r 0 r0
L

2 fl cos 2 fl2 flcos 2 fl[cos cos ][cos cos ]Zfe c c c c
2 fl 2 fl2lsin [Z j ln( )cot ]

c a c

∞ − π
π θ ππ θ π

− −
+

π ζ π
−

π

∫  

j2 fN (r nd cos l)
c

n N
e df

π
− − θ+

=−

× ∑  

 
2(2 fT)

r r r
I L

r0

2 fl cos 2 flfe 2 fl cos 2 flC [cos cos ][cos cos ]Z
2 fl c c c csin

c

∞ − π π θ ππ θ π
= − −

π∫  

A

j2 f j2 fN N(r ndcos l) (r ndcos l)
c c

n N n N

0 0r r
L L

Z

e e
df

2 fl 2 fl2l 2l[Z j ln( ) cot ] [Z j ln( ) cot ]
a c a c

π π
+ − θ+ − − θ+

=− =−

 
 
 × +

ζ ζπ π + − π π 

∑ ∑

1444444444442444444444443
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j2 f (r ndcos l)N c

A
0 rn N

L

eZ 2 Re{ }2 fl2l[Z j ln( ) cot ]
a c

π
+ − θ+

=−

=
ζ π

+
π

∑  

 

N

0 rn N
L

2 f 2 fcos (r nd cos l) jsin (r nd cos l)
c c2Re{ }2 fl2l[Z j ln( ) cot ]

a c
=−

π π
− θ + + − θ +

=
ζ π

+
π

∑  

 

0 r
N L

2 20 rn N
L

2 fl2l 2 f (r nd cos l) 2 f (r nd cos l)[Z j ln( )cot ][cos jsin ]
a c c c2Re{ }

2  fl2lZ [ ln( )cot ]
a c

=−

ζ π π − θ + π − θ +
− +

π=
ζ π

+
π

∑  

 

0 r
N L

2 20 rn N
L

2  fl2 f (r nd cos l) 2l 2 f (r nd cos l)[Z cos ln( )cot sin ]
c a c c2Re{ 2  fl2lZ [ ln( )cot ]

a c
=−

ζ ππ − θ + π − θ +
+

π=
ζ π

+
π

∑  

 

0 r
N L

2 20 rn N
L

2 fl2 f (r nd cos l) 2l 2 f (r nd cos l)j[Z sin ln( )cot cos ]
c a c c }

2  fl2lZ [ ln( )cot ]
a c

=−

ζ ππ − θ + π − θ +−
π+

ζ π+
π

∑  

 

0 r
N L

A
2 20 rn N
L

2 fl2 f 2l 2 f[Z cos (r nd cos l) ln( )cot sin (r nd cos l)]
c a c cZ 2

2 fl2lZ [ ln( )cot ]
a c

=−

ζ ππ π
− θ + + − θ +

π=
ζ π

+
π

∑ .     

(66) 

 

Then CI reduces to 
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2 r r r
(2 fT) L

I
2 2r 0 r0
L

2 fl cos 2 fl2 fl cos 2 fl2Z [cos cos ][cos cos ]fe c c c cC 2 fl 2 fl2lsin Z [ ln( )cot ]
c a c

∞ − π
π θ ππ θ π

− −
=

π ζ π+
π

∫  

             
N

0 r
L

n N

2 fl2 f 2l 2 f[Z cos (r nd cos l) ln( )cot sin (r nd cos l)]df
c a c c=−

ζ ππ π
× − θ + + − θ +

π∑     

(67) 

 

2

gV (f ) df
∞

−∞
∫  in the denominator has already been determined in Section 2, 

Eqn. (49) as follows: 

 

2 2 2 2 2 2 2 2 23 / 2 2 2 T f 3 / 2 2 2 4 T f 3 / 2 2 2 4 T f

0

(2 ) T fe df (2 ) T f e df (2 ) T 2 f e df
∞ ∞ ∞

− π − π − π

−∞ −∞

π = π = π∫ ∫ ∫        

(68) 

 Using the identity 

 

22n px
n

0

(2n 1)!x e dx
p2.(2p)

∞
− − π

=∫ ,  [p>0, n=0,1,....] , 

 

It becomes 

 

2 3 / 2 2 3 / 2 2
g 2 2 2 2 3

(2 1) 1V (f ) df (2 ) T 2 (2 ) T
22(2.4 T ) 4 T (2 T)

∞

−∞

− ! π π
= π = π

π π π∫
   

 

 

2
LV (f ) df

∞

−∞
∫  is derived in the same manner as shown below: 
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2 2 2

2
r r r

2πf1/2 2 2 T f N -j (r-ndcosθ+l)2 L c
L

n=-N0r r r
)r L

2πfl cosθ 2πfl2πflcosθ 2πfl(cos -cos )(cos -cos )T c e c c c cV (f ) df e df
2l 2 fl 2l 2πflrln( )sinθsinθ 2N+1 sin ln( )
a c π b c

(2 ) Z

(Z -j cot

∞ ∞ − π

−∞ −∞

=
ζπ

π
∑∫ ∫

 

 
2πfN -j (r-ndcosθ+l)2πflcosθ 2πfl 2πfl cosθ 2πfl2 2 2r r[cos -cos ] [cos -cos ] | e |2 c4 2 2 -(2πTf)2 T c Z c c c ce n=-NL 22l 2l 2πfl2π fl2 2 20 r r2 r[rsin sin ln( )] (2N+1) Z [ ln( )cot ]0 sinr La π b cc

                           

=

× ∑∞π
∫ ζ θ θ + 

 
2πfN -j (r-ndcosθ+l) 2                                                                                                                         | e | dfc

n=-N
× ∑

 

                                         

It reduces to  

 

2
L

2πflcosθ 2πfl 2πfl cosθ 2πfl2 2r r24 2 2 [cos -cos ] [cos -cos ]-(2πTf)4 T c Z e c c c cL
2l ξ 2l 2πfl2π fl2 2 20 r r2 r0[rsin sin ln( )] (2N+1) Z [ ln( )cot ]sinr La π b cc

                                              

=V (f ) df
∞

−∞

∞π
∫

 θ θ + 
 ∫

N N 2πf[(m-n)dcosθ]                           [(2N+1)+ cos ]df
cn=-N m=-N

  n m

× ∑ ∑

≠

 

                                    (69) 

 

After substituting derived results into Eqn. (45), correlation coefficient expression 

becomes 

 

2 r r r
3 / 2 (2 Tf )

1/ 4
2 2r 0 r r0
L

0 r r
L
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    3.5. Numerical Results 

 

Computer programs are built up based on the mathematical manipulations 

performed here for M=(2N+1) dipoles and computed results are presented by 

choosing the dipole length as λc/2, where λc is the wavelength at the center frequency 

fc of the 3.1-10.6 GHz UWB range. For all dipoles, length/radius=100 and T=1/fc.  

Figures 3.2, 3.3, and 3.4 illustrate the correlation coefficient, normalized 

radiated and received energy patterns with respect to angle θ, respectively. In these 

figures, for a fixed element spacing, d=0.6c/fc, plots for different number of elements 

(M=2N+1=7, 9, 11) are shown.  

As seen from Figure 3.2, if the element number M increases, correlation 

coefficient curve tends to become narrower, thus resulting in a narrower beam width 

for the pattern. If the number of elements is smaller, the correlation coefficient varies 

in a smaller range with direction. If the number of elements increases, as moved 

away from the broadside, the variation of the correlation coefficient with direction 

increases. 
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Figure 3.2. Correlation coefficient for different element numbers M = 7, 9, 11;  

Receiver dipole length = λc/2; 2ln/an = 100; d = 0.6λc, ZL = 150 Ω.  
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In Figures 3.3 and 3.4, when element number M increases, radiated and 

received energy curves tend to be narrower  just as the correlation coefficient curve. 

This again results in a narrower beam width for the patterns. It is also seen from 

figures that the maximum energy is achieved in neighborhood of the broadside 

direction as expected.  
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Figure 3.3. Normalized radiated energy for different element numbers M = 7, 9, 11; 

Receiver dipole length = λc/2; 2ln/an = 100; d = 0.6λc, ZL = 150 Ω.  
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Figure 3.4. Normalized received energy for different element numbers M = 7, 9, 11; 

Receiver dipole length = λc/2; 2ln/an = 100; d = 0.6λc, ZL = 150Ω. 
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The characteristic obtained for the radiation pattern using this approach is in 

agreement with studies that have been performed in time domain by various authors 

(Mokole, 1996), (Sörgel et.al., 2005). 

In Figure 3.5, the graph for the correlation coefficient with respect to angle θ 

for element spacing d=0.7λc and for different number of elements (M = 2N+1=7, 9, 

11) is illustrated. As shown in the figure, the variation of correlation coefficient with 

direction increases as d increases from 0.6λc to 0.7λc. Towards the end fire, this 

variation can be observed more clearly.  
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Figure 3.5. Correlation coefficient for different element numbers M = 7, 9, 11;  

Receiver dipole length = λc/2; 2ln/an = 100; d = 0.7λc, ZL = 150 Ω.  
 
 

In Figures 3.6 and 3.7 the graphs for the normalized radiated and received 

energy patterns with respect to angle θ for element spacing d=0.7λc and for different 

number of elements (M=2N+1=7, 9, 11) are illustrated. The behavior of energy 

patterns is the same as in the case of element spacing d=0.7λc. The only difference is 

that the beamwidth is narrower with larger element spacing.   
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Figure 3.6. Normalized radiated energy for different element numbers M = 7, 9, 11; 

Receiver dipole length = λc/2; 2ln/an = 100; d = 0.7λc, ZL = 150Ω.  
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Figure 3.7. Normalized received energy for different element numbers M = 7, 9, 11; 

Receiver dipole length = λc/2; 2ln/an = 100; d = 0.7λc, ZL = 150Ω.  
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In Figure 3.8, the correlation coefficient versus θ  is plotted for various 

element spacing (d=0.6λc, d=0.7λc, d=0.8λc) with a fixed number of elements M=9.  
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Figure 3.8. Correlation coefficient of VL with Vg for different element spacing with 

M=9 Receiver dipole length = λc/2; 2ln/an = 100; d=0.6λc, d=0.7λc, and 
d=0.8λc, ZL = 150 Ω.  

 

As it is illustrated in the figure, if d increases, patterns show similar behavior 

to the ones in figures 3.2, and 3.5 with increasing M. That is, when element spacing d 

increases, correlation coefficient curve becomes narrower. And similarly, the 

correlation coefficient varies in a smaller range with direction when the element 

spacing smaller. If element spacing increases, as moved away from the broadside, the 

variation of the correlation coefficient with direction increases.  
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Figure 3.9. Normalized radiated energy with M=9 Receiver dipole length = λc/2; 

2ln/an = 100; d=0.6λc, d=0.7λc and d=0.8λc, ZL = 150 Ω.  
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Figure 3.10. Normalized received energy with M=9 Receiver dipole length = λc/2; 

2ln/an = 100 d=0.6λc, d=0.7λc, and d=0.8λc, ZL = 150 Ω.  
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In Figures 3.9 and 3.10, radiated energy and received energy are plotted with 

respect to θ for various element spacings (d=0.6λc, d=0.7λc, d=0.8λc) and a fixed 

number of elements M=9. In the figures, when element spacing d increases, both 

radiated and received energy curves tend to become narrower resulting in a narrower 

beam width for the patterns.  

From the illustrated results it can be concluded that, the beam width of the 

main lobe for each pattern will be narrowed by increasing the number of antenna 

elements, or the element spacing. A narrower beam width is achieved by increasing 

the array size, either by increasing the number of elements or the element spacing.
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4. ULTRA WIDEBAND ANTENNA ARRAYS WITH EQUALLY SPACED   

    DIFFERENT LENGTH ELEMENTS 

 

   4.1. Introduction 

   

In this section, the analysis which is performed in the frequency domain is 

expanded to an array of different length elements. The radiation of an UWB signal 

from the array and reception of the radiated pulse by a receiving dipole is 

investigated. The array elements are considered to have different lengths such that 

each element works at a specific frequency and the combination of all elements’ 

bandwidths forms the frequency range of the array. This makes the array effective 

over a wider range of frequencies (Ni and Grebel, 2005). 

The chapter includes derivation of radiated energy from the array and 

received energy at the terminals of the receiving antenna. As noted earlier, detection 

process at the receiver also needs special consideration to capture the incoming 

signal effectively. For this purpose, correlation coefficient is investigated to examine 

the correlation detection behavior of the receiving dipole. Frequency domain 

correlation coefficient between the generator voltage applied to the transmitting 

antenna and load voltage at the terminals of the receiving antenna are determined. 

 

   4.2. Theory of Radiation from an Array of Thin Dipoles with Different 

Lengths 

 

Consider a linear array of (2N+1) equally spaced center-fed thin dipoles with 

lengths 2ln and radii an  is positioned symmetrically with respect to the origin along 

the z-axis with each dipole also being oriented along the z-axis (Fig. 4.1). The 

spacing between the elements is d and a receiving dipole orienting along the z-axis is 

located at a distance r in the far field region of the array.  
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Figure 4.1. Geometry of a linear array of (2N+1) different length dipoles and a 
receiver at a far distance. 

 

The electric field radiated from each dipole is given below 
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Radiated total electric far field at a distance r is found as the superposition of 

electric fields from individual elements and given by 
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N
0 g n n

T n
n N n

V (f ) 2 fl cos 2 fl1 2 f( ,f ) [cos cos ]exp( j (r ndcos l ))
Z c c c2 r 2N 1sinθ

=−

ζ π θ π π
= − − − − θ +

π + θ
∑rE r a

         (71) 

 

Here, the current distribution approximation along each of the dipoles is being 

represented by the distribution along an open-ended transmission line with 

characteristic impedance Zn=(ζ0/π)ln(2ln/an) as in previous studies (Franceschietti 

and Papas, 1974), (Samaddar,1992). Each dipole is assumed to be matched to the 

feed network. Mutual coupling between the elements is ignored here. 

When the source pulse applied as an input to the dipoles in the array is the 

Gaussian monocycle of duration T, the energy radiated from the array of dipoles at a 

distance r is derived as follows 
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Substituting ZB and Gaussian monocycle expression into Eqn. (72), Wrad becomes 
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Finally, Wrad is obtained as shown below  
 

2

2
n n

3 4 N
2 (2 Tf )

rad 2
2nn N0

n

2  fl cos 2  flcos cos
4 T c cW f e { 2l (r sin ) (2N 1) [ln( )]

a

∞
− π

=−

π θ π − π  =
θ + ∑∫  

 

n m

n n m m
N N

n m
n mn N m N

n m

2  fl cos 2  fl 2  fl cos 2  fl
cos cos cos cos

c c c c 2 fcos [(m n)d cos l l ]}df .
2l 2l cln( ) ln( )
a a

≠
=− =−

π θ π π θ π   
− −    π   + − θ + −∑ ∑

           (75) 
 

The parenthesis in Eqn. (75) can be expanded to obtain an explicit expression 

for Wrad as follows 
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 Using the identities which were designated before in equations (17) and (18) 

(Gradshteyn, 1980), each integral is evaluated as follows 
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Then the explicit form of the radiated energy can be expressed as  
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    4.3. Analysis at the Receiving Dipole 

 

When the radiated field from the transmitting antenna is incident on a 

receiving dipole of length 2lr and radius b, in the far field region of the transmitting 

antenna (Figure 4.1), load voltage across the terminals of the receiving dipole is 

calculated using the relation (Samaddar,1993) 

 

T eff L
L

L r

( , f ) (f )Z
V (f )

Z Z
⋅

=
+

E r h
                                                      (77) 

 

again, where heff, Zr, and ZL are the effective length, input and load impedance of the 

receiving dipole, respectively. They are calculated according to the same current 

distribution approximation and transmission line approach made for the dipole 

elements on the transmitter side again. Therefore, after certain mathematical 

operations, VL(f) can be derived as follows  
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Using Gaussian monocycle as the input, VL(f) then becomes 
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 The energy received by the load at the terminals of the receiving dipole can be 

obtained as follows: 
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The correlation coefficient between the load voltage VL at the receiver and the 

source voltage Vg at the transmitter is derived as 
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4.4. Numerical Results 
 
  

The shortest dipole is half wavelength at 10.6 GHz, and the longest dipole is 

half wavelength at 3.1 GHz. Each of the other elements in the array is active at a 

specific frequency between these frequencies.  

The figures 4.2 through 4.8 show correlation coefficient and radiated & 

received energies with respect to θ  for various parameters. For these figures, the 

following common  parameters are used: element spacing d = λ1/2 = 9.68/2 =4.84, 

receiver dipole length = λc/2, dipole length/radius (2ln/an) = 100, l1=λ1/2=4.84 cm 

(outermost dipoles’ length), l2=λ2/2=1.41cm (dipole at the center), ZL = 150 Ω,.  

Figures 4.2 and 4.3 show the correlation coefficient and radiated & received 

energies for the element number M = 7, respectively. For element number M = 9, the 

results are plotted in Figures 4.4, and 4.5. Figure 4.6 compares the correlation 

coefficient graphs for element numbers M = 7, 9 and 11. Similarly a comparison 

between the radiated and received energies for different element numbers (M = 7, 9, 

11) is presented in Figures 4.7 and 7.8, respectively. 
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Figure 4.2. Correlation coefficient of Vg and VL for element number M = 7; receiver 
dipole length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω.  

 

As seen in Figure 4.2, correlation coefficient takes maximum values in the 

neighborhood of the broadside direction. As moved away from broadside to endfire, 

correlation coefficient decreases and becomes negative and then approaches zero.  

It should be noted that, when compared to the array of same size elements, 

the correlation coefficient curve becomes narrower and its variation with angle 

becomes more evident.  
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Figure 4.3. Normalized radiated and received energies for element number M = 7; 

receiver dipole length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 
 

 As illustrated in Figure 4.3, received energy has a narrower beam width than 

the radiated energy as in the one dipole and same-length element case. This shows 

filtering effect of the ultra wideband antennas. On the other hand, side lobes start to 

appear in the neighborhood of the main lobe which means a different characteristic 

when compared to the one-dipole and same length graphs.  
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Figure 4.4. Correlation coefficient of Vg and VL for element number M = 9; receiver 

dipole length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 
 

 When element number increases to M = 9 as in Figure 4.4, correlation 

coefficient  curve gets narrower and a sharper transition occurs in the values while 

moving from broadside to end fire direction. Also the range over which higher 

correlation coefficient is obtained becomes smaller.  
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Figure 4.5. Normalized radiated and received energies for element number M = 9; 

receiver dipole length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 
 

In Figure 4.5, both radiated and received normalized energies are illustrated 

for element number M = 9. It could be deduced from the graph that, if element 

number increases form M = 7 to M = 9, small increase in side lobe levels can be 

observed while the beam width decreases.  
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Figure 4.6 compares the correlation coefficients for different M values. As it 

is seen in this figure, when the number of elements in the array increases, correlation 

coefficient curve tends to become narrower. While θ approaches from broadside to 

endfire (θ → 0 or θ → π), as the number of elements increases, deformation occurs 

in the similarity of two waveform shapes.  
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Figure 4.6. Correlation coefficient of Vg and VL for element number M = 7, 9, 11; 

receiver dipole length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 
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 Figure 4.7 illustrates the radiated energy patterns which are normalized with 

respect to the value at broadside direction for different element number. As seen in 

the figure, for a fixed element spacing d, radiated energy beam width decreases. This 

behavior agrees with the general behavior of arrays in other published papers about 

UWB antenna arrays (Mokole, 1996), (Sörgel et.al., 2005). On the other hand, side 

lobe level increases with increasing M.  
 

0 0.5 1 1.5 2 2.5 3 3.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

theta

ra
di

at
ed

 e
ne

rg
y

M=7 

M=9 

M=11 

 
 
Figure 4.7. Normalized radiated energies for element numbers M = 7, 9, 11; receiver 

dipole length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 
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Figure 4.8 illustrates the received energy patterns normalized with respect to 

the value at broadside direction for different M values. Received energy pattern 

shows the same behavior as the radiated energy pattern except that the beam width is 

smaller.  
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Figure 4.8. Received energies for element numbers M = 7, 9, 11; receiver dipole 

length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 
 
  

Although the behavior of the different length dipole elements (Figure 4.6 to 

4.8) and the same length dipole elements (Figure 3.5 to 3.7) show similarities as M 

increases, using different length dipoles provides higher correlation coefficient 

values over the entire pattern. Additionally, when energy patterns are considered, 

side lobes are developed if different length elements are used in the array. 

In order to demonstrate this situation, correlation coefficients are plotted for 

one dipole, same length dipole array and different length dipole array in a single 

graph.   
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Figure 4.9 illustrates the correlation coefficients for one dipole, same-length 

element array and different-length element array with element number M = 7. It is 

clearly seen that, a higher correlation coefficient is obtained when different length 

elements are used in the array. 
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Figure 4.9. Correlation coefficients of Vg and VL for one-dipole, same-length 

element array and different length element array for M = 7. Receiver 
dipole length = λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 

 
  

Figures 4.10 and 4.11 illustrate the normalized energies for one dipole, same-

length element array and different-length element array with element number M = 7. 

As seen in the figures, side lobes appear when different length elements are used in 

the array while no side lobe is observed in the pattern of same length element array.  
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Figure 4.10. Normalized radiated energies for one-dipole, same-length element array 

and different length element array for M = 7. Receiver dipole length = 
λc/2; d = λ1/2, ZL = 150 Ω. 
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Figure 4.11. Normalized received energies for one-dipole, same-length element array     

and different length element array for M = 7. Receiver dipole length = 
λc/2; 2ln/an = 100; d = λ1/2, ZL = 150 Ω. 
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In Figure 4.12, a comparison of correlation coefficients for element number 

M = 7 and for various element spacings (d = 0.5λ1, d = 0.6λ1 and d = 0.7λ1) is 

shown. For a fixed element number, as the spacing d between the elements of the 

array increases, correlation coefficient curve tends to become narrower. 
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Figure 4.12. Correlation coefficients of Vg and VL for M = 7 and d = 0.5λl, d = 0.6λ1 

and d = 0.7λ1.  Receiver dipole length = λc/2; 2ln/an = 100; ZL = 150 Ω. 
 
  

The following figures, that is, Figure 4.13 and Figure 4.14 illustrate the 

normalized radiated and received energies, respectively for different element 

spacing. As it is seen from the figures, the beam width for both radiated and received 

energies decreases. This behavior agrees with the behavior of ultra wideband arrays 

presented in other published papers (Mokole, 1996), (Sörgel, 2005). Side lobes are 

clearly seen also in this pattern as different from conventional same length element 

array, and peak of the side lobe increases with increasing d. 
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Figure 4.13. Normalized radiated energies for M = 7 and d = 0.5λ1, d = 0.6λ1 and d = 

0.7λ1. Receiver dipole length = λc/2; 2ln/an = 100; ZL = 150 Ω. 
 

0 0.5 1 1.5 2 2.5 3 3.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

theta

re
ce

iv
ed

 e
ne

rg
y

 

 
d=0.5c/fl
d=0.6c/fl
d=0.7c/fl

 
Figure 4.14. Normalized received energies for M = 7 and d = 0.5λ1, d = 0.6λ1 and d = 

0.7λ1. Receiver dipole length = λc/2; 2ln/an = 100; ZL = 150 Ω. 
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In Figure 4.15, a comparison of correlation coefficients is shown for element 

number M = 9 and for various element spacing (d =0.5λ1, d = 0.6λ1 and d = 0.7λ1). 

Figures 4.16 and 4.17 show normalized radiated and received energies for element 

number M = 7, respectively.   
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Figure 4.15. Correlation coefficients of Vg and VL for M = 9 and d = 0.5λ1, d = 0.6λ1, 
and d = 0.7λ1. Receiver dipole length = λc/2; 2ln/an = 100; ZL = 150 Ω. 

 
 

As observed from the figure, with increasing element number, the behavior 

with respect to element spacing is the same, except that the correlation coefficient 

curve gets narrower and sharper. This means that a good correlation coefficient is 

achieved in a smaller interval over the entire pattern.  
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Figure 4.16. Normalized radiated energies for M = 9 and d = 0.5λ1, d = 0.6λ1 and d = 

0.7λ1. Receiver dipole length = λc/2; 2ln/an = 100; ZL = 150 Ω. 
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Figure 4.17. Normalized received energies for M = 9 and d = 0.5λ1, d = 0.6λ1 and d = 

0.7λ1. Receiver dipole length = λc/2; 2ln/an = 100; ZL = 150 Ω. 
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As observed from energy pattern figures (Figures 4.16-4.17), with increasing 

element number, the energy curves get narrower and sharper, and side lobes also 

become sharper with increasing level. 

Figure 4.18 compares the correlation coefficients of arrays with different 

length elements for various load impedances (Element number M = 7). It is seen that 

load impedance does not affect the behavior of the correlation coefficient 

significantly (shapes are quite similar) but a variation is observed in correlation 

coefficient values at broadside and end fire directions by varying ZL. 
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Figure 4.18. Correlation coefficients for ZL = 150, 250, 450 Ω with M = 7 and d = 

λ1/2. Receiver dipole length = λc/2; 2ln/an = 100. 
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Figure 4.19. Correlation coefficients for ZL = 500, 750, 1k Ω for element number M 

= 7 and element spacing d = λ1/2. Receiver dipole length = λc/2; 2ln/an = 
100. 

 
If ZL is increased even more as in Figure 4.19, correlation coefficient value 

increases too.  

 In order to find the optimum parameters for achieving maximum correlation 

coefficient, a program is coded in MATLAB. This program is run for different 

ranges of ZL, M, and d. After many runs, the maximum value of the correlation 

coefficient is obtained as 0.8260. The parameters that give this optimum value are 

found as follows 

 

Correlation Coefficient :  CCmax =  0.8260 

Load Impedance  :  ZLopt =  1.9512.103Ω 

Element Number  :  Mopt = 5 

 Element Spacing  :  dopt =  0.0433m 
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5. BEAM SCANNING FOR ULTRA WIDEBAND ANTENNA ARRAYS 

 

    5.1. Introduction 

 

In this section, it is aimed to examine beam scanning concept for UWB 

dipole arrays. Radiated energy expression is derived and energy patterns are obtained 

with respect to observation angle for different scan directions. As in previous 

sections, the analysis is carried out in the frequency domain. The scanning is 

achieved by applying a time delay τ between consecutive elements. This means 

phase shift in the electric field expression (Sörgel et.al., 2005). Therefore, the 

scanning is accomplished by applying weights that has phase nτ for the nth element 

(Mokole, 1996).  

 

    5.2. Analysis of the Problem 

 

Consider a linear array of (2N+1) equally spaced center-fed thin dipoles with 

lengths 2ln and radii an which is positioned symmetrically with respect to the origin 

along the z-axis with each dipole also being oriented along the z-axis (Fig.5.1). The 

spacing between the elements is d.  Radiated electric field for dipole n is as follows: 

 

    0 n n
n n

n

V(f ) 2 fl cos 2 fl 2 f( ,f ) cos cos exp j (r ndcos l nc )
c c c2 rZ 2N 1sinθ

ζ π θ π π   = − − − − θ+ + τ  π + θ   

rE r a        (82) 

 

which includes nτ term as being different from the previous array structure. Here,  

τ = d*cos(θs)/c is the delay parameter which is applied between the consecutive 

elements.  According to this, the maximum amplitude occurs at θs and is independent 

of frequency (Mokole, 1996). Here, the current distribution approximation along 

each of the dipoles is being represented by the distribution along an open-ended 

transmission line with characteristic impedance Zn = (ζ0/π)ln(2ln/an) as in previous 

sections. Each dipole is assumed to be matched to the feed network.  
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Figure. 5.1. Geometry of a linear array of (2N+1) dipoles 

  

Radiated total electric far field at a distance r is found as the superposition of 

electric fields from individual elements and given by 

 
N

0 n n
T s n

n N n

V(f ) 2 fl cos 2 fl 2 f( ,f , , ) cos cos exp j (r ndcos l nc )
c c c2 rZ 2N 1sinθ

=−

ζ π θ π π   θ θ = − − − − θ+ + τ  π + θ   
∑rE r a     

          (83) 

 

The expression for the radiated far field energy is given by (Mokole, 1996) 

 

2
s T s

0

1W( , ) ( ,f , , ) df
∞

−∞

θ θ = θ θ
ζ ∫ E r                       (84) 

 

Then radiated energy of the array is derived from 
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N
0 g n n

rad
n N n

V (f ) 2 fl cos 2 fl
W | [cos cos ]

c c2 rZ 2N 1 sin

∞

θ
=−−∞

ξ π θ π
= − −

π + θ
∑∫ ar  

   2
n

2 fexp( j (r nd cos l nc )) | df
c
π

− − θ + + τ                        (85) 

 

  If the source voltage is Gaussian monocycle, then the radiated energy 

becomes 

2

2
n n

3 4 N
2 (2 Tf )

rad 2
2nn N0

n

2  fl cos 2  flcos cos
4 T c cW f e { 2l (r sin ) (2N 1) [ln( )]

a

∞
− π

=−

π θ π − π  =
θ + ∑∫  

n m

n n m m
N N

n mn N m N

n m

2  fl cos 2  fl 2  fl cos 2  fl
cos cos cos cos

c c c c
2l 2l

ln( ) ln( )
a a

≠
=− =−

π θ π π θ π   − −   
   + ∑ ∑     

  

. n m
2 fcos [(m n)(d cos c ) l l ]}df

c
π

− θ − τ + −      (86) 

 

which has the same form as in Section 4 except the cτ term.  

The energy pattern is described as the normalized energy (Mokole, 1996) 

 

 
s

n
W( , )W

W( / 2, / 2)
θ θ

=
π π                (87) 

 

which is normalized relative to the energy at broadside observation and broadside 

scan angles.  

 Parenthesis in Eqn. (86) can be expanded to obtain an explicit expression for 

Wrad as follows 
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π
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 n m n m2 fl cos 2 fl c os 2 fl c os 2 fl
[cos cos cos cos

c c c c
π θ π θ π θ π

× −  

n m n m2  fl 2 fl cos 2  fl 2 fl
cos cos cos cos ]}df

c c c c
π π θ π π

− +

 

 Then, each integral can be evaluated similarly using the identities used in 

previous sections designated before in equations (17) and (18) (Gradshteyn, 1980). 

Including the cτ term, the expressions are evaluated as listed below 

 

( )
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n cT
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The explicit form of the radiated energy can then be expressed as follows 

 

 
    n m

3 4 N      N

rad 2
2n n mn N n,m N

n n m

4 T I 2II III IV V VI VIIW [ ]
2l 2l 2l (r sin ) (2N 1) [ln( )] ln( ) ln( )
a a a

≠
=− =−

π − − − − +
= +

θ + ∑ ∑ ∑      (88) 

 
    5.3. Numerical Results for the Same Length Element Array 
 

    Based on the mathematical treatments obtained here, computer programs are 

created for M = 2N+1 dipoles and computed results are graphed. Each dipole length 

is chosen as λc/2, which corresponds the half wavelength at the center frequency 

fc=6.85 GHz of the 3.1-10.6 GHz UWB range. Length/radius for all dipoles is 100. 

Pulse duration is T=1/fc. 
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Figure 5.2. Radiation pattern in polar plot for M = 5 and d = 0.6λ, with scan angles  
 a) θs=π/2, π/3, π/4, π/6 , b) θs=π/2, 2π/3, 3π/4, 5π/6  
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Figure 5.3. Radiation pattern in polar plot for M = 9 and d = 0.6λ, with scan angles 

a) θs=π/2, π/3, π/4, π/6,  b) θs=π/2, 2π/3, 3π/4, 5π/6  
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In Figures 5.2 and 5.3, normalized energy patterns are illustrated with respect 

to observation angle θ for element number M = 5 and M = 9, respectively. The 

element spacing is chosen as d = 0.6c/fc. Energy patterns are graphed in a polar plot 

for various different scan angles a) θs = 90ο, 60ο, 45ο, 30ο and b) θs = 90ο, 120ο, 135ο, 

150ο, respectively and compared in a single graph for each case. 

As it is seen form the figures, maximum energy is achieved when both scan 

and observation angles are at broadside direction. As scan angle θs moves from 

broadside to end fire the main beam decreases. Additionally, as moved away from 

broadside towards the end fire, maximum value of the energy is not achieved at the 

specified scan direction. This situation is improved when the number of elements in 

the array increases. As expected, this behaviour is similar to the studies made for 

scanning dipole arrays in time domain (Mokole, 1996). 

Note that when the element number is increased from 5 to 11 as in Figure 5.4, 

maximum energy is obtained almost at scan directions even if the scan direction 

moves away from broadside. On the other hand, when element number increases, as 

moved towards the end fire, maximum energy occurred at the scan direction 

decreases more rapidly.  

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 
  (a)          (b) 
 
Figure 5.4. Radiation pattern in polar plot for M = 11 and d = 0.6λ, with scan angles  
 a) θs=π/2, π/3, π/4, π/6,  b) θs=π/2, 2π/3, 3π/4, 5π/6  
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Figure 5.5. Radiation pattern in polar plot for M = 9 and d = 0.7λ, with scan angles  
 a) θs=π/2, π/3, π/4, π/6,  b) θs=π/2, 2π/3, 3π/4, 5π/6 
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Figure 5.6. Radiation pattern in polar plot for M = 11 and d = 0.7λ, with scan angles 

a) θs=π/2, π/3, π/4, π/6,  b) θs=π/2, 2π/3, 3π/4, 5π/6  
 
 

Figure 5.5 illustrates the radiation pattern for element number M = 9 and 

element spacing d= 0.7c/fc. If the element spacing increases, maximum energy 

occurring at the scan direction decreases more rapidly as moved towards the end fire. 

 In Figure 5.6, the pattern is plotted for M = 11 and d = 0.7c/fc. It is pretty 

clear that when M and d increases, in other words, when the array dimension 

increases, beam width of the energy decreases.  
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5.4. Numerical Results for the Different Length Element Array 

 

Beam steering analysis is repeated with the array of different length elements. 

The elements in the array have different lengths such that each element in the array 

works at a specific frequency. The shortest dipole is half wavelength at 10.6 GHz, 

and the longest dipole is half wavelength at 3.1 GHz. Each of the other elements in 

the array is active at a specific frequency between these frequencies.  

To highlight the beam steering phenomenon for this structure and for clarity, 

both types of plots are illustrated for each scan angle.  

As in the case of same-length elements array maximum energy is achieved 

when both scan and observation angles are at broadside direction. As scan angle θs 

moves from broadside to end fire the main beam decreases. Additionally, as moved 

away from broadside towards the end fire, maximum value of the energy is not 

achieved at the specified scan direction, a behaviour which is consistent with the 

results given in (Mokole, 1996).  

Here, a situation different from the same-length elements array case is 

observed such that side lobes appear as moved away from broadside direction and no 

symmetry occurs any more. Also, side lobe level and beam width increase when the 

scan angle approaches end fire.  

Additionally, when different length elements are used in the array, radiation 

pattern has a narrower beam width and a better beam scanning is achieved when 

compared to same length elements array.   

In Figures 5.7 through 5.11, radiation pattern is illustrated for element 

number M = 7 and for various scan angles.  
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As it is seen from Figure 5.7, at broadside scan angle (θs = π/2), there is a 

symmetry around π/2. Additionally side lobes appear symmetrically around the main 

lobe.  
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Figure 5.7. a) Radiation pattern for M = 7, scan angle θs = π/2, b) in polar plot for 

element spacing d = λ1/2. 
 
 As shown in Figures 5.8 through 5.11, as moved away from broadside 

direction, no symmetry occurs any more. Also, side lobe level and beam width 

increase when the scan angle approaches end fire.  
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Figure 5.8. a) Radiation pattern for M = 7, scan angle θs = π/3, b) in polar plot for 

element spacing d = λ1/2. 
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Figure 5.9. a) Radiation pattern for M = 7, scan angle θs = π/6, b) in polar plot for 

element spacing d = λ1/2. 
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Figure 5.10. a) Radiation pattern for M = 7, scan angle θs = 2π/3, b) in polar plot for 

element spacing d = λ1/2. 
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Figure 5.11. a) Radiation pattern for M = 7, scan angle θs = 5π/6, b) in polar plot for 

element spacing d = λ1/2. 
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 Figures 5.12 through 5.16 shows the results when M = 11. The similar 

behavior is seen as in the M = 7 case but a better beam scanning is achieved. Also 

main lobe and side lobe values decreases more rapidly as the scan angle moves 

towards the end fire. 
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Figure 5.12. a) Radiation pattern for M = 11, scan angle θs = π/2, b) in polar plot for 

element spacing d = λ1/2. 
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Figure 5.13. a) Radiation pattern for M = 11, scan angle θs= π/3, b) in polar plot for 

element spacing d = λ1/2. 
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Figure 5.14. a) Radiation pattern for M = 11, scan angle θs = π/6, b) in polar plot for 

element spacing d = λ1/2.  
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Figure 5.15. a) Radiation pattern for M = 11, scan angle θs = 2π/3, b) in polar plot  

for element spacing d = λ1/2. 
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Figure 5.16. a) Radiation pattern for M = 11, scan angle θs = 5π/6, b) in polar plot for 

element spacing d = λ1/2. 
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 Figures 5.17 through 5.21 show the results when M = 11 and d = 0.6λ1. When 

element spacing increases, the main lobe and side lobe values decreases more rapidly 

as the scan angle moves towards the end fire.  
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Figure 5.17. a) Radiation pattern for M = 11, scan angle θs = π/2, b) in polar plot for 

element spacing d = 0.6λ1. 
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Figure 5.18. a) Radiation pattern for M = 11, scan angle θs = π/3, b) in polar plot for 

element spacing d = 0.6λ1. 
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Figure 5.19. a) Radiation pattern for M = 11, scan angle θs = π/6, b) in polar plot for 

element spacing d = 0.6λ1. 
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Figure 5.20. a) Radiation pattern for M = 11, scan angle θs = 2π/3, b) in polar plot for 

element spacing d = 0.6λ1. 
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Figure 5.21. a) Radiation pattern for M = 11, scan angle θs = 5π/6, b) in polar plot for 

element spacing d = 0.6λ1.
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6. CONCLUSION 

 

Very short duration pulses are used in ultra wideband (UWB) 

communications, in which the signal spectrum occupies an extremely large 

bandwidth causing the design of antennas to be a challenging issue for researchers.  

In the literature, there are studies made with dipole for UWB pulse radiation 

and reception. In these studies various time domain approaches have been proposed 

and numerical techniques such as FDTD and MoM have generally been used to 

examine the antenna behavior (Boryssenko, 1999), (Chen et.al., 2003, 2004), (Lu et. 

al., 2003, 2004), (Mclean et.al., 2005). Although time-domain numerical techniques 

are mostly used for considering UWB systems, there are also some recent studies 

using frequency domain techniques (Dissanayake, 2006). 

In this study, the radiation and reception characteristics of UWB antennas are 

investigated in terms of the energy and correlation coefficient concepts. The study 

obtains results in frequency domain rather than using numerical techniques in time 

domain providing a new perspective for UWB antenna design concept. The 

frequency domain analysis is numerically simple and in many cases, explicit 

expressions can be obtained easily. This is important because the frequency domain 

analysis presented here can also be applied to other antenna structures.  

Although the aim is to analyze various type of dipole arrays as UWB 

antennas, the approach is first applied to a single dipole considering that it is the 

fundamental element of the array and mathematically simple (Mokole, 1996).  

Dipole is chosen as the antenna element both at the transmitting and the 

receiving sides, and the radiated energy from the transmitting dipole and the received 

energy at the terminals of the receiving dipole are calculated. The plots of the 

radiated and received energy patterns with respect to observation angle show that the 

behaviors of the radiated and received energies are consistent as expected. 

 The investigation of the correlation coefficient is accomplished for two 

different cases. In the first case, in order to determine antenna capability in keeping 

the waveform shape as a function of direction for a given pulse (Mclean et. al., 

2005), the correlation coefficient expression of the radiated electric field and the 
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electric field radiated in the maximum field direction is derived. The correlation 

coefficient plots obtained in this study are compared with the results given by 

Mclean et. al. (2005). It is shown that these two results are in agreement and this can 

be considered as a verification of the analysis presented in this study.  

As noted earlier, the characteristic of a received pulse is also useful in 

improving the overall performance of the transmitting-receiving antenna system; and 

detection process at the receiver needs special consideration to capture the incoming 

signal effectively. For this purpose, in the second case, it is aimed to observe 

detection characteristics in the receiver. Therefore, correlation coefficient is 

investigated to examine the correlation detection behavior of the receiving dipole. 

Frequency domain correlation coefficient between the generator voltage applied to 

the transmitting antenna and load voltage at the terminals of the receiving antenna 

are determined and correlation coefficient graphs are illustrated with respect to the 

observation angle. 

As known, antenna arrays can be considered as an important option to deal 

with challenging properties of UWB systems, since array parameters can be adjusted 

to improve the radiation and detection characteristics. Therefore, in this study, it is 

additionally aimed to perform analysis to evaluate the behavior of dipole arrays with 

equally spaced same size elements in the frequency domain. Radiated energy from 

the array and received energy by the load at the terminals of the receiving antenna 

are derived and energy patterns which are normalized by the energy at broadside 

direction are plotted with respect to angle. Also, correlation coefficient between the 

load voltage at the terminals of the receiving antenna and the generator voltage 

applied to the transmitting antenna is investigated.  

Based on the mathematical manipulations performed, computer programs are 

developed and computed results are presented. The results imply that, if element 

number or element spacing increases then beam widths for correlation coefficient, 

radiated and received energy patterns decrease. If the number of elements and the 

element spacing is smaller, the correlation coefficient varies in a smaller range with 

direction. If any of these increases, as moved away from the broadside, the variation 

of the correlation coefficient with direction increases. The maximum energy is 
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achieved in neighborhood of the broadside direction as expected. Additionally, the 

characteristic obtained for the radiation pattern using this approach is in agreement 

with studies that have been performed in time domain by various authors (Mokole, 

1996), (Heidary, 2001), (Sorgel et. al., 2005). 

The analysis is then extended for an array of dipoles with different length 

elements. This way, each element works at a specific frequency and the combination 

of all elements’ bandwidths form the frequency range of the array.  Therefore, the 

operational frequency range of the antenna is expanded due to the different length 

elements corresponding to different frequency components (Ni, and Grebel, 2005).  

The array with different length elements depicts similar behavior as the same 

length element array such that as the element number or element spacing increases, 

beam widths for correlation coefficient, radiated and received energy patterns 

decrease. Additionally, variation of correlation coefficient increases as moved away 

from broadside direction with increasing element number and element spacing. 

However the beam widths of the patterns for different length element array are 

narrower than the ones for same length element array. Since received pulse is 

depended on both the frequency and angle, variation of the correlation coefficient 

increases when moved away from broadside direction to the end fire.  

Also, the results for a single dipole, array of equal length elements and 

different length elements are also illustrated in the same graph for comparison 

purposes. It can be concluded that, when different length elements are used in the 

array, a better correlation coefficient is achieved compared to one dipole and the 

array with equal length elements. 

Finally, beam steering characteristics of UWB dipole arrays is also 

investigated in the study. Normalized energy patterns are illustrated with respect to 

observation angle. 

In the case of same length element array, energy patterns are graphed in a 

polar plot for different scan angles. It is observed that, maximum energy is achieved 

when both scan and observation angles are at broadside direction. As scan angle θs 

moves from broadside to end fire the main beam decreases. Additionally, as moved 

away from broadside towards the end fire, maximum value of the energy is not 
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achieved at the specified scan direction (this behaviour agrees with the results 

obtained in time domain by Mokole, 1996). This situation is improved when the 

number of elements in the array increases.  

If different length elements are used in the array, a different situation is 

observed. As moved away from broadside direction, side lobes start to appear and the 

symmetry around π/2 which is seen at broadside scan is not observed any more. 

Also, radiation pattern has a narrower beam width and a better beam scanning is 

achieved when compared to same length elements array.  When the scan angle 

approaches end fire, main lobe decreases, while side lobes and beam widths increase.  

 It should also be noted that, the reason for investigating the correlation 

coefficient and energy pattern concepts from a different point of view by taking into 

account both transmitting and receiving antennas, is to achieve a new perspective for 

the design consideration of UWB antennas. 
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