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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.

Key Words: Antenna Array, Correlation Coefficient, Dipole Antenna, Energy, UWB
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ULTRA GENIS BANDLI HABERLESME SISTEMLERINDE ANTEN DiZiLERi
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Bu c¢aligmada ultra genis bandli (UWB) sinyallerin bir dipol dizisinden
yayllmast ve gonderilen sinyallerin alici dipol tarafindan alinma karakteristigi
incelenmistir. Analiz frekans domaininde gerceklestirilmistir. Yayilan ve alman
enerji, ve korelasyon katsayis1 ifadelerinin matematiksel formiilleri frekans
domaininde analitik yaklagim kullanilarak elde edilmistir. Bu matematiksel islemler
temel almarak bilgisayar programlar1 gelistirilmis ve hesaplanan sonuglar
gosterilmistir.

Yaklasim ilk olarak dizinin temel elemani oldugu ve matematiksel olarak
basit oldugu g6zoniine alinarak tek dipol elemanma uygulanmistir. Daha sonra da,
srasiyla, esit aralikli ayn1 uzunluklu dipol dizilerinin ve esit aralikli farkli uzunluklu
dipol dizilerinin davranislar1 analiz edilmistir. Ayrica, UWB anten dizilerinde 1s1n
tarama incelenmistir. Eleman aralii ve eleman sayist gibi ¢esitli anten
parametrelerinin degisiminin etkileri gésterilmistir.

Anahtar Kelimeler: Anten Dizisi, Korelasyon Katsayisi, Dipol Anten, Enerji, UWB.
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Q : Antenna Parameter

I(z,f) : Current Distribution along the Dipole
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1. INTRODUCTION Sule COLAK

1. INTRODUCTION

Ultra Wideband (UWB) technology is the transmission and reception of ultra-
short pulses whose characteristic spectrum extends over a wide frequency range.
UWRB 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)
mtroduced 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 B, is defined as

B, =2 ) (D

where f, and f; 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

UWRB system and conventional narrowband system.
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Power
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Density
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|
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Figurel.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 1n 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).
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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
UWRB 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
UWRB 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. Sorgel 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
V(0 = exp| — (5 @
¢ T P 2T

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



1. INTRODUCTION Sule COLAK

U
3.1 GH 10.6 GH.

5 40 Z ‘
E
I
R 1.99 GHz Area for indoor UWB
p -50 communication applications .
E 1.61|GHz
M
I
s -60
S
I
(6]
N
L
B -70
\Y%
E
L

0.96 GHz
EIRP
(dBm) -80 >

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
UWRB 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:

UWRB 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: 1maging 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
recetving 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 2/ 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 2/ >>a, then the current distribution
along the thin dipole can be expressed in the frequency domain as follows

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

2nf

sinz—nf(l —|z|)
¢ exp(— jTl) ) (3)

o) = 24Ve®)

Zo(U+0) 14 pexp(—j )
C
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which can be regarded as the current distribution along a two-wire open-circuited
transmission line of length /, characteristic impedance Zo=Q.(Cy/21) =(Co/m)In(2//a)
where Q) =2In(2//a) is the antenna parameter and C is the free space impedance. The
generator impedance is taken as Z,= aZ¢=(1-I')Zo/(1+T"), where a is real and I" is the
reflection coefficient from the antenna to the generator. For the matched case ['=0

and o=1. Then the current distribution becomes

I(z,f) = jvzg(f) sin 21 (1-|2]) exp(~j 2nfly (4)
C C

0

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

far away from the thin dipole.

4.
z 0,
-
Receiving

dipole

Transmitting
dipole

PAAN
\\

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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j(znf/c)go 2

E(r,f) = -

* Jiacawn, 3R v )

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

expressed in the form

27rfr

E(r,f):% j [(a .a)a, a]I(l')e Sy (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=a,, r'=7'a,,
and a,.a,—cos0.

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

1
2nfr 2'cosO

E(r f)—% e j (a, cosO—a,)I(z, f)e dz' (7)
T

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

vectors in rectangular coordinates which is shown below,
a, =a cosO—a sin0=a, cosO—a, =a, sin0 (8)

yields (Collin, 1985)

E(r,f) =

2nf/c 1V(f 27‘{(”'1) ! 2nif ' 27er cos0 '
% eJ Z( ) J' _(1 | |)e . dz

0 -1

2 f/ f 27rf(r+1) 1 277rf(1 ) _ 277rf(1 420 27er cosO
( T C)COS () J'[e _eJ ]C c dZ'

4nr Z, 2j°
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2nf/ oOvV(f Z“f(”l) 1 2 27 cosoi2) 7ﬂ1 P2 (1cos0+4121)
(2nt /c)E, sinOV( ) .J.[ej e - 1z
4z, 2]

-1

0

'

-j—1 jz—nfz'(coseﬂ) , -j—1 jz—mcz'(cose—l)
Ie ¢ dz'—-e © |e °© dz

2nf 2nf 2nf 2nf
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B Jan "

(cos®-1) 2t (cosO+1)
c

2nf 2nf 2nf 2nf
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e ¢ —e°c-e ¢ +e ° ] [ec-e ¢ —e ° +e °]

+
JZTI:f (cos6-1) j2nt (cosO+1)

2nflcos O 2nfl 2nfl 2nflcos O
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Then radiated electric field becomes

2nfl 2nf
E(r,f)=-2a, QOV(fT) cos 2nflcos® cos L} exp (—ji (r+ l)j. (10)
2nrZ, sin O C C C

When the generator voltage V(t) is a monopulse, which is the 1% derivative

of Gaussian pulse:
1
Ve(t) = % exp (—5 (%)2] = Vg(f) = (2m) T f exp (-2 T°F?), (1)

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

thin dipole is found as follows

E(r,f) =4,

L 2nTf exp(—27t2T2f ? ) 2nflcos 6 2nfl 2nf
CcoS —Cos exp| —j—(r+1) |.
C C

1Z,sin0
(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

1 0
W,y =— [ [Ex(r,0)f df (13)
CO -0
2
0 f '
W, = j -a, GV ,) [cos 2mflcos —Cos 2nﬂ}exp(—12—nf(r+l)j df
2 2nrZ,sin 0 c c c
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2
B ]3 & ‘Vg (f)‘ cos 2nflcos O ~cos 2mfl de
J (2nrZ, sin 0)° c c

Substituting the Gaussian monopulse expression for Vy(f) and Zo=

(Eo/m)In(2l/a) into the equation, W,,q becomes

2 3T4 2 0 s 2
W= (27? - C,O - jfze‘(Z””) cos 2nlcos —cos 2ndl df (14)
(2n)'r°Z,"sin" Oy C
and it reduces to
34 o0 2
W, = 4m T £2e- T [cos—27tﬂ cosd —cos _2nﬂ} df . (15)
c c

[r 1n(2—1) sin@] ©
a

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

the radiated energy W,,qas follows

4T < s 2rfl 2rfl 2rtfl 2rifl
W4 =2Tcl— f2e (D {cos2 T Cose——2cos T COSOCOSL+COS2L f
[rIn(")sin O] 0 ¢ ¢ ¢ ¢
a
(16)

The integral in Eq. (16) can be evaluated using the expressions given below
(Gradshteyn, 1980),

< 2 2 2 _g? _(aizz)Z
sze‘(px) cosax.dx =/r p8 Sa e 7 (17)
0 p

2 . (2n=1)1
[xem dx:g\/%,p>0 m=1. (18)
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Then, each expression in paranthesis can be determined in the following

manner:

< 2 2nflcos O
A :jfze'(z"m cos? I8 ¢
0 c
4rflcosO 47flcosO
@ . l+cos——— “ £2 —(2nTf)? @ . COS——
A=[fre D ¢ —df <[ df +[f7e " ——C—df
0 2 0 2 0 2

2
1 1 2(2TCT)2 — ( 4nlcos e) (47[10056)2
T C 2 2
A=_ +\/E o 4@
2 [2(2.4n2T2) \ 42T 8(2nT)’ :

1, +Jn
A=—[ T +HVT 5 <
2 4(2xnT) 8c*(2nT)

8(xTc)’ —(4nlcosB)’ e-[‘me]z]

cT

2rifl
q T Cose.cosznﬂdf

00
_ 2
B=Jf2e (2nTf) co
0 C C

o8 27fl(cos 0 +1) cos 2nfl(cos6—-1) df
C C
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0 2

2
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2
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\/7 1 8(nTc)* —(2nl(cos 0+1))’ e(l(cgsciﬂ)jz
8c’(2nT)’

2¢cT

, 8(xTey’ —(2ml(cos 0 - D) e(l(wsel))z]

8¢>(2nT)’

< > 2xfl
C= J‘fzef(zm) cos’ Ldf

0 C

4rfl

o 1+cos—— 1= i w i 47l
C=[f2e ™ ——Cdf =—[[ e ™ df +[ £’ *™ cos——df]

0 2 2% 0 c

2
2(2nT)* - (41‘c1) (4m1)’

1 1 T ¢ T 4(2nT)
=— / +r e € 4rT)
2 [2(2.4n2T2) 4’ T? 8(2nT)’ :

o seTer ()’ L
) 4(2n T) 8c”(2nT)

Then final form of W,,4 can be expressed simply as shown below

34
W, =L[A—2B+C]. (19)

rad
[r 1n(2—1) sin 0]’
a

2.4. Receiving Dipole

When the radiated field from the transmitting antenna is incident on a
receiving dipole of length 2/, 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

recetving dipole is calculated as follows (Samaddar,1993)
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V() = E(r,f) - hg () (20)

where, h.y 1s the effective length of the receiving antenna and it’s general expression

is defined as (Samaddar,1993)

h,, (f) = [liﬂ-er(rr,f) exp {%"f (fr.rr)}dvr . 1)

n,r VvV

Here, 7 and r; 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; J«(r.f) and I;,, 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 h.e(f) takes the form,

sin 0,

1
[ 1z £y exp( 2™ cos6,)dz (22)
C

in,r -]

heff(f) = _{‘er

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

[ 27tfl cos O, 2nfl, }
2| cos — oS
c c

(2—nf) sin O_sin 2nfl
c

heff(f) = _{‘Gr (23)

T

The open circuit voltage V(f) then becomes
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iamf 2nflcos O 2nifl 2nfl, cos© 2nfl
LV, (fe ° D Tcos —cos J[cos == L —cos "]
V(f) — ﬁeﬁe 0'g Cc Cc Cc Cc .
" 2mZ, sinBsin 6, (27751“) 0 2nfl,
c c
(24)

The voltage Vi(f) across the load Z; connected across the terminals of the

receiving dipole is given by the expression

v
Z +7Z

L in,r

Vi (f) = (25)

where Zi,, is the input impedance of the receiving dipole. Vi(f) then becomes as

follows
Qox/ﬁcTze’(z"mzZL[cos 2Tcﬂcos9_coS 2nﬂ][cos 2mfl, cosO, ~ cos 2Ttﬂr] ot
Vi(f) = CQ °2ﬂ °2ﬂ € e ¢ .
nrsin0sin®, Z[Z, —J—Oln( ) T Llfsin i
c
(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

w 2
W, = | %f. (27)
L

—00

Substituting Vi (f) into Eqn. (27), we obtain
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> 27ifl 27fl 2mfl 2
Co 2mcTe ™M Z, [cos T Cose—cos T 1[cos T rcoser—cos nﬂ'] ot

1 ©

(r+1)
W o= J‘ C C C C o ¢
e o . 21 .
2y %, nrsin0sin®,Z,[Z, - ]C—Oln(—)cot 2nfl, Ifsin 2nfl,
T a c
Received energy then takes the form
. [cos 2m flcosO cos 2n ﬂ]2[COS 2w 1l cos O, cos 2w fl, P
(Gye)* 2nT ]c' e c c c ~ c
= df
rec . . 2
[mrZ,sinOsin6, " =, . » (271 ﬂrJ z +[& ln(z—l)cot 2m fl, .
c T a c
which reduces to
c SZn flcos 6 ~ cos 2n 1] cos 2w fl, cos 6, ~cos 2w fl, ’
W - 4nZ T T c c c c g
ree 21 . . 2 L, (2nfl 2 Go o 21 2 fl .,
[rIn(—)sinBsin B ]° 0 sin*| =+ Z; +[=* In(—)cot—]
a c noa c

(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

| E(r,f,e)E*(r,f,g)df
0

\/T|E(r,f,9)|2df \/T

The electric field expression has already been obtained as

CC= (29)

2
df

T
E(r,f,—
( 2)

- f .
E(r,f)=-a, G VA ,) Ccos 2nflcos® — oS 2nfl exp —Jz—nf(r +1) |.
2nrZ,sin0 C C C

_ f 2mifl 2 .
=-a, V2(1 ) [cos nilcos® _ cos nﬂ} exp (—] 2nt (r+ 1)]. (30)
2rIn(=")sin 0 ¢ ¢ ¢
a

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

E(r,f,n/2) can be evaluated as
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2nflcos ©
V. (f Py
(D) [cos 2 —cos@]exp(—jz—nf(r+l)j.
c c c

E(r.f,~) = -4,
2r In(—)sin kid
a 2

V. (f
=-a, %[COSO— cos@}exp(—jz—nf(r+ l)j.
2rin(5) ¢ ¢
a

21

E(r,f,E):—56Vg—(f)[l—cos@}exp(—jz—ﬂ(rﬂ)j. (€2))
2 2rin(™) c c
a

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

the template in this case is obtained as follows

< T —a,V, (f
E(r,f,0).E(r, f,E)df = oV (1) cos 2nflcost cos 27fl exp| — 2t (r+1
> J
o = 2rIn(~-)sin O ¢ ¢ ¢
a

—a,V, (f
xe—g()[l—cos@}exp(jz—nf(r+l)j.
c c

2r ln(gl)
a
0 V f 2
= AAQ) [cos 2nflcosd —Cos 2nﬂ}[l—cos—2nﬂ}df (32)
c c c

o [2r 1n(2—1)]2 sin0
a

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

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

C

2 (2n) T2 ™ { 2nflcos O 2nflcos®  2mfl 2nfl
= cos —cos cos

3 —cos + cos’ 2ﬁﬂ}df
~ [2rIn(5)] sin@ © ¢ ¢ ¢ ¢
a
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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:

2

wEr,f,E) Pdf = i |Vg(f)|2 cosznﬂcose—cos27tﬂ df
JIE@. 0 df = |]

e 2rin(2)sin 0 ¢ ¢
a
Qn’T> % [ 2nflcos®  2afl]
= jfze‘(Z””) [cos —cos } df  (33)
2rIn(*)sin6 V= ¢ ¢
a

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

as follows:

2
0 2 0 V f 2
\/j E(r,f,5)| df = j%[l—cosﬂ} df
J 2 i 21 C
[2rln()}
a
3/2m2 o ’
_en'r J freenfiw@a oo
2rin(—) V= ¢
a

Then, correlation coefficient is obtained after normalizing the two field

expressions by their energy, respectively as below

| E(r,f,e)E*(r,f,g)df
0

\/T|E(r,f,9)|2df \/T

CC= (35)

2
df

T
E(r,f,—
( 2)

31



2. ULTRA WIDEBAND ANTENNAS Sule COLAK

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

coefficient expression below is obtained.

(27T)3 T4 R f2e‘(2“Tf)2 . [COS 2TCﬂ CcOS 9

[2rin(2) sin 0 0 ¢
a

2nflcos 6 2nfl 2mfl , 2mfl
— oS Ccos —cos +cos” ——|df

CC = C C C C
@2n)*T? \/ PO ooy 2RM1COSO _  2nfl,

cos ]°df

0 C C

2r ln(2—1) sin O
a

3/2m2 |
x (2n)2’-f\/J.f2e—(2an)2 I —Cosﬂ]zdf
2rin(—) Yo ¢
(a)

(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

(37)

D1*D2

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

2nflcosO 27fl
0s cos
c c

df

N= 2{Tf26_(2m)2 cos 2nilcos® df — sze‘(z"mz c
0 Y 0

< 2 27tfl < 2 27fl
—j £2e-CnT0 oog 2T gf +jfze‘(2”Tf) cos? Ldf}
0 c 0 Y
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% ) 2 % > 1 2nfl(cosO+1 2nfl{ cos0—1
=2 _[ 270" 0o Mdf -2 _[ f2e T B {cos ( ) +cos ( )}1(
d c d c c

_2jf2e—(2m)z cosﬂdf + 2J’ £2e-(2nTE) %[1 + cos 2.2nfl }df
0 0

c c
< ) 2 < 2 27tfl( cosO+1 % 5 27tfl(cos0—1
=2J.fze’(2“m costf —J.fze’(mf) COSQCH‘ —J.f g (2nTh) COSQCH‘
0 c 0 c 0 c
I > 2xfl I 2 ° > 4rfl
—2jfze"(2”Tf) cosidf+jfze‘(2”m df +jfze‘(2”Tf) cos 0 df
0 ¢ 0 0 ¢

(38)

The integrals in Eqn. (38) can be evaluated using the expressions given below
(Gradshteyn, 1980),

2
o 2 2 (A2
_ 2 2 —a ( 5)
sze (PX) cosax.dx:\/np—Se 4
0 8p

K : 2n—-1)!
szne_px dx:g\/i,p>0 M=l
p

0 2(2p)n

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

for each integral can be obtained in the following manner:

2(2nT) —(
8(2nT)’

2nlcos 9)2 ,
_(2mlcosb)

e c24(2nT)?

A= J.fze‘(z"m2 cos Mdf —Jn
c
0

_ —8(nTc)* —(2nlcos 9)2 -[12‘;6)2
=n 8c’(2nT)’ )
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2
2ml(cos0+1
r 2mfl (cos0+1 2(2“)2_[()) {eeosoun)”
B = [ e 0 s 2O K Sy
0 c 8(2nT)

1(0056+1)]2

8(nTc)* — (211:1((:05 0+ 1))2 -[ o
n 2 5 ©
8¢ (27T)

2nﬂ(cos 0-— 1) fm 8(nTc)’ — (27T1(cos 0— 1))2 e_[l(c;sci_l)]z
—d — T

_ 2 _—(2nTf)?
C= J;f e cos . 8¢ (2nT)

0 2 _ 2 ~ L 2
D= J.fze_(zm)2 (:os—dzTcﬂ f= \/E S(RT? (2?1) e [2CT)
0 C 8c”(2nT)

(21-1)1" [ = Jn

2(22nTy )\ @aTY ~ 4@2aT)

E= ]‘sze—(zﬂf)2 df =
0

0 2 _ 2 ~ L 2
F= J.fze_(zm)2 (:os—d4Tcﬂ f= \/E S(RT? (4?1) e [2CT)
0 C 8c”(2nT)

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 =\/2J.fze‘(m”2 [cos2 2nflcosd 2cos 2nflcosf cos 2nl +cos’ @}df (40)
. c c c c
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L 4cos 4nflcosO Lt cos Anfl
< 2 2nfl 0+1 2nfl 0-1 T
= [fffe ) € 2 1) cop ZRle0s0+1) | 2efl{cosO1) | c
0 2 2 c c 2
i 2 T 2 < ,  2mfl(cosO+1
J‘fze—(zan) df + J‘fze—(zan) oS 4mflcosO df _2J‘ 2T (oo ( ) if
- ZT f2g @m0 cos—zTcﬂ (cos0-1) df + T £2e7 2T Gf 4 Tf 2g (T’ cosﬂ df
0 Y 0 0 C
2T Fe@ §f 4 sz o T o 4mflcos O df — 2T £ g 2nfl (cos 0+ 1) i
I ,  2nfl(cos0-1 2 s
_J‘fze—(zan) COS ( )df+J'fze—(2an) cos@df
0 ¢ b C

Jr

T which is same as E
4(27T)

G — Tf2e—(27'[Tf)2 df —
0

0 2 2 lcos0)?
H= J‘fze—(zan)z cos Mdf _ \/E 8(nTc) 2-(4711 (SJOS 9) e—[ Sor )
0 c 8c¢”(27T)

2nfl(cos 6 +1) 8(nTc)* — (2n1(005 0+ 1))2 7[1(“2)1?;1))2
it =+/n . 5 .
¢ 8¢*(2nT)

2

< 2
I= J'fzef(zan) coS
0

which is same as B.

2nfl(cosO-1) . 8(nTe)’ —(22n1(c()559—1))2 ef[mczsc_erfl))
© 8¢ (2nT)

2

< 2
J= Ifzef(zan) cos
0

which is same as C.
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© 2 2 (1 2
K = J'fze‘(m” 4Lﬂdf =Jn S(RT? (4?1) e [2”) , which is same as D.
) 8c>(2nT)
Then, D1 can be expressed as
DI=~2G+H-21-2J+K (41)

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

2rfl

D2 = \/2jf26‘(2”m2 [1 -2 cos@ +cos’ —}df (42)
d c c

[1+ cos@]

= 2_[ 26 @ gf - 2_[ f2e @ 9, cos@ df + 2_[ fe@™ € 4f
c 0 2

4rfl

\/2J‘f2 —(2nTf)? df — 4J‘f2 —(2an) cosZ TCﬂdf—FJ.fz —(2nTf)y? df+J.f2 —(2an) CoS—— df
Cc

df +I f2g 2’ cos@ df

C

= \/ 3? £2e 0 qf 4T £ (2mT’ cos@
c
0 0

Jr

42nT)’

L= Tf2e—(2an)2df —

Mszze_@m)z o 2_nﬂdf J—S(nTc) ~(2n1)” {55)
8c*(2nT)’

0
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I 2 47tfl 8(nTc)’ —(411:1)2 —[—1 )2
2 _—(2nTf) 2¢
N——'ff e cos—dC f=+n 8c2(2 )5 e 22T

0

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+F

CC = .
V2G+H-21-2]+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 //c, where / is the overall length of the dipole and ¢ is the free space wave
velocity. The three natural widths of the Gaussian pulses were stated to be 2.98x10
'xlle, 1.49x10™xl/c, and 7.45x10?xl/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.
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Figure 2.2. Correlation coefficient between E(f,0) and E(f,n/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 V,
and load voltage V; are correlated and each normalized with their energy to obtain

the correlation coefficient as follows

T Vv, (F)V; (F)df

CC=——= — : (45)
\/ [ v, af \/ [ [vi () af

The numerator j V, (f )V, (f)df , which is the correlation between Vy(f) and Vi(f) is

determined as follows:

> 2 2 2 2
oV 2ncT?e ™0 ZL[COSM—COS—TCH][COS rdl, cosb, —cos ﬁﬂ‘] it
c c c c

T (r 1)

=4, [ 2n) T
—» nrsin@sinB,Z[Z, +j=* i ln(gl) cot 27T—ﬂ‘]f sin 2],
a c

2ntflcos O 2nfl 2mfl_cosO, 2nfl

Lcn)T % fom2nTY [cos . —Cos ][c —Cos . tZ, L
=20 - e °
mZ,sinOsin®, 7, .. 27::ﬂr [ZL+ 2Tfﬂ ]

G

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

2nflcos 6 27fl 27fl_cos®, 27fl
% fo (2T [cos —Cos ][cos —cos LZ, L
Ci=]—>3 s C 2 ﬂ ¢ e ¢ df
0 sin = [Z, +] 0ln( ) T
c
2nflcosO 2nfl 27nfl cosO 2nfl
0 fo-nfT? [cos —Cos J[cos— focos— 7, mr
|~ - C ol e df
—ogin ' [Z, +] Oln( )c t=——"]
c c
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2nflcos O 2nfl 2nfl, cos O, 2nfl,
% fo-(2nlT) [cos - ][cos —CosS 1Z, LI
C = ¢ ¢ e ° df
0 sin 2nfl, [Z, +j=2 CO ln( ) 2nﬂ
c c
27flcos O 2T|:ﬂ 2Tcﬂ cos9 2nifl
% g (2nfT) [cos - ][cos L L —cos L1z, _]27If
c c c c e < Var
» sin 2nfl, Z, Z;O In ( ) 2Tl:ﬂr]
C C
T 2nflcos®  2mfl 2nfl cos® 2nfl
C = © [cos s o cos =t ][cos L% cos 2t =1z,
0 gip 2L c c c c
C
JZnt 2 JZnt 2
e e
X + df
2mifl 2mfl,
M) 12, -5 G eor T

[Z, +]=% S0 ln(i) cot—=]
a c

Zy

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

the following manner

cos 2™ (r+ 1)+ jsin 2L (r+1)
C

_]an(Hl)
ZA=2Re{ }=2Re{ c }
2 fl 2 a
[Z, Qo]n( ) ] [Z, Qoln( ) T g
¢ c
[Z, - QO ln( )cot Znﬂ’ 1[cos 2nf(r+1) +jsin 275f(r+1)]
=2Re{ T c \
[Co 11’1( ) 27[ ﬂr]
c
(Z, cos 200D & ln(zl)cot onfl, 2nf(r+1)]
=2Re{ c c .
2 Co 27'C ﬂ
Z, +[=In ( ) .
iz, Sinw _@ ln(gl) cot 2nfl cos 2nf(r+ 1)]
+ T a C c }
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Z A then can then be found as
[Z, cos 2nf (r+D+ G 1n(2—1) cot 2nfl, sin 2nf (r+D]
7 =9 C T a C C . (46)
A R | 2nfl
Z; +[=*In(—)cot ]
T a c
Then C; reduces to
T fo O 2nflcos 6 2nfl 27ifl. cos®, 2nfl,
C = [cos —CoSs ][cos —Cos ]
o . 2nfl, c c c C
sin
c
x 2221L 17, cos 278 e+ 50 i cot 2 gin 27 (¢ 4 1)df -
z: +[@ In(*)cot e P ¢ T4 ¢ ¢
T a

(47)

/ j ‘Vg (f )‘2 df in the denominator is determined as follows:
\/j ‘(2n)3/2T2fe—2nszf2 df = (27t)3/2 T2 “’ fze—zszzfz df = (2n)3/2T2 /2J’ fze—zszzfz df
—o —0 0

(48)

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

0

2 — |
sz"e"px dx :% %, [p>0, n=0,1,....],
d .

And applying this into Eqn. (48), it can be written as
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i 2 o 3/2 2 2-D! T _ 3/22 1 n
\ [O [V, O] df =@ T \/2 2aem)\aer 0T (2nT)3\/;

(49)

in which n=1 and p=4°T" .

Next, / j |VL (f )|2 df 1s evaluated as written below:

onfleos® 2nfl, - Onfl,cos6,  Onl ’

- | Co2meT2e 1 Z, [cos c Jlco: o8] joat
J‘|VL(f)|2 df _ J’ C 210 3 ﬂ C 3 ﬂ C e_T(H]) df
= = wrsinGsind Z [Z, — 2 In(2) cot 2 Jfsin 2k

O T a c

C

cos 2m flcos O — cos 2 flT cos 2m fl_cos®, _ cos 2n fl, ?
_ Qn)'2c1’z,  [F e c c c c Jy
r ln(2—l) sinBsin®, | 0 sin? (Mﬂ'j 7+ [& ln(zl) cotzniﬂ']2
a c T a c

(50)

Then, substituting these derived numerator and denominator expressions,

correlation coefficient is obtained as follows

2m flcos 0 2m fl 2m fl cos 0, 2m fl,
—Cos 0s -

% for(2ATE] [cos 1[c . cos . ]

o sin 27 1L 2 [ In(Hycot 7 Ly

c T a
2021T)? X{ZL cos 272 f (r+1) +§E ln(il) cotzncﬂr sin 272 f (r+ 1)} df
CC=
't 2n flcos O 2n fl., 2 fl cosO 2n fl
© @y [COS —Cos ]"[cos r ' —cos ]
€ . c c c c " d4f
. 0,2
0 s1n2(n7ﬂr) z: +[g ln(gl) cot 2™ fl I
c T a c

(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 A./2, where A, is the wavelength at the center frequency f.

of the 3.1-10.6 GHz UWB range. For all dipoles, length/radius=100 and 7=1/f..

0.36 \ \

035 — .

ZL=50 ohm
""""""" ZL.=150 ohm ||
ZL=250 ohm

0.34

0.33-

0.32 i

0.31F I -
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correlation coefficient

0.29 i

0.28 i

0.27 - i

026 [ [ [ [ L L

Figure 2.3. Correlation coefficient between Vi(f) and V(f) for one dipole antenna
with dipole lengths 2/ = 2/, = A./2 , 2l/a=100 , —— Z;=250 Q, ------
Z;=150 Q, -.-.-.Z;=50 Q

Figure 2.3 shows the correlation coefficient between the load voltage and
generator voltage for different values of terminal load. As Z; 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 Z; value.
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Figure 2.4. —— Radiated and ------ received energies which are normalized by

energy at broadside direction with dipole lengths 2/ = 2/, = A./2,
2l/a=100, T= 1/f., Z;=150 Q.

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

SN

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=({y/n)*In(2//a) where 2/ and a are dipole length and radius,

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

sin 2nt (1- |z|)
Ve exp(-i 220 1) (52)

I(z,f) =
Zo(+ ) |4 Fexp-j L) ¢
C

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-I')Zy/(1+T"), where I' 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 2//a>>1.

The electric field radiated from each dipole is given below

_ oV, (D) [ 2nflcosd 2nfl } ( j2nf(r+l)]
E,(r,f)=2a £ cos -cos exp| -— 2
o(r-Ey=4y 2nrzosin6\/2N+1 ( c ) ( c ) |exp c

\Y .
E, (r.)—, Go Ve () [Cos( 2nfleosd ) ¢ 2nﬂ)}exp(_12nf(r dcos6+l)j
2mrZ,sinf+/2N+1 c c
Co V(D) 2mnflcosO 2mfl j2nf(r-ndcos0+1
E, (r,f)=4, 0 e os( )-c s( ) le _J2nf( )
2nrZsinOv2N+1 C c

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

ET (r’f):'ﬁe

\Y N . g
Co V(D & [cos ( 2nflcos® J-cos( 2nfl )} exp (_ j2nf(r-ndcos0+1) ]
27‘CI‘ZOSil’19\/ 2N+1 n=—N c c c

(53)

where the dipoles are matched to the feed network and equally weighted with
\2N +1 . Mutual coupling between the elements is ignored here.

When Gaussian monocycle of duration 7 is applied as the input, radiated

energy of the array at a distance 7 is derived as follows

2nflcosd 2nfl N _i2nflendeosdH)
G [V losT=220eos(TEP | X @ ¢ P,

I 8
(27rr2051n9) (2N+1) Z»

(54)
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Using the identity

z|z| +22Re(ZZ) z|z| £y Y Re(Z;Z)) (55)

i=1 j=1 i=l j=i+1

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

determined as follows

N j2nf(r-ndcos6+1) N j27rf(r—ndcose+l) 27rf(r nd cos 0+1) .2nf (r—mdcos 0+1)
_Jemrnacosvr _ £ Amhacosvrl) —j
| Xe © [=X]e ¢ P+ X T Refe e ‘
n=-N n=-N n=—Nm=-N
N _j2nf(r—ndcos6+1) N j2nf(r—(m—n)dcos 0+1) N
=Y |e ¢ P+ Z Z Re<e ¢ =Y 1+ Z Z cos—[(m n)dcos0].
n=—N n=—N m=— n=—N n=—N m=-N

(56)
Then, radiated energy becomes
W= l1 i |V (f)| [co 21tﬂcose o8 27l ]2
2[rsind ln(—)] (2N+1) ° ¢ ¢
x[(2N+1)+ Z Z cos—[(m-n)dcose]]df (57)
n=-N m=—N

C _ 3/2 2 o 22T . . .
Substituting V, (f) = (2n)” " T"fe into Eqn. (57), W4 1s derived as follows

3
W= 47r T J e -QnTh? [co 27tﬂcosO cos 2xfl ]2
[rsin0 ln( )] (2N+1) © ¢ ¢
X[(2N+1)+ Z Z cos—[(m-n)dcose]]df (58)
n=-N m=-N
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The parenthesis in Eqn. (58) can be expanded to obtain an explicit expression

for W4 as follows

47'[3T4 K 2 2
_ —(2nTf)
W, = fe

(rsinOIn(2D)]) (2N +1) 0
a

, 2ntflcos O 2nflcosO 27fl 27fl
s —2cos oS ]

x{[co 2¢ +cos’ 2N +1)
c c c
oY 2nf
+ Z Z cos——[(m —n)d cos 0]}df . (59)
n=—N m=—-N c

n#m

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

& 2nfl cosO

A= J-fze’(mf)2 co df
0 c
4nflcosO 4nflcosO
o . l+cos——— o fzef(zan)? © . COS————
A= [fre ¢ —df = df +[f2e € df
0 2 0 2 0 2

4nlcos 9)2 ,
(4mlcosb)

. . 2(2nT)? —(

T C 2 2
A=— + /Tc e © 4(2nT)
2 [2(2.4n2T2) \ 42T 8(2nT)’ :

2 leosO Y
A:l Jr : x 8(nTc)22_(4n1(5:os6) e—[ & ] |
2402xT) 8% (2nT)

2nflcos O 27fl
S .COS
c c

df

< _ 2
sz‘fze (2nTf) co
0
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B J-fz _anTiY ;[ 27:ﬂ(cos9+1)‘COS 27fl(cosO—1) Jaf

C C

2 2
2(27:T)2—(2nl(cose+l)j (2rl(cos6+1))’ 2(2nT)2_(2rtl(cos(9—l)j (2rl(cos6-1))’

C 2 2 C 2 2
B=+n— e TR
2 [ 8(2nT)’ 8(2nT)’ ]

f 1 8(nTc)* —(2ml(cosB+1))’ . [““’59*”)2 . 8(nTc)® —(2nl(cos 6 -1))’ e_[wf]

2¢T 2¢T

8c>(2nT)’ 8c>(2nT)’

T > 27fl
C= J-fze’(zm) cos? T df

0 Cc

47l

o 1+cos— 4nﬂ
C= sze—(ZnTt) C _4f= J‘fz —(2nTf)? df +J‘f2 —(2nTf)? df]

0 2 C

4rl ?

1 1 2(2nT)* - () (4m1)’

_ T Y T 4(2nT)
. L e

2 [2(2.4n2T2) 4’ T? 8(2nT)’ :

BTN L R IR
2'40nTy 8 (2nT)

, 2nflcos© 2nf
—— .co

D= jfze"ZT‘Tf)2 cos s——[(m —n)dcos0]df
c
0

2 1 2ch(m —n)dcosO
c

df

D= J‘fz —(2nTf)

» 1~ 4nflcos® 2nf(m—n)dcosO
cos cos
c c

df

+J‘ fz —(2nTf)
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2nf(m—n)dcosO
c

df

15 )
D= —J-fze’(mf) cos
2

2nf[21cos 0 + (m —n)d cos 0] + cos 2nf[21cos 0 — (m —n)dcos 0]
c c

1df

+l_|‘f2e'(2“m2 l[cos
27 2

2nf(m—n)dcosO
c

df

1% )
D= —J-fze’(mf) cos
2 0

27nf[21cos 0+ (m —n)d cos 0]
c

df

1%, _ 2
+—If2e @m0 [cos
4 0

27nf[21cos O — (m —n)d cos 0]
c

df

15 2
+— [ 2 [cos
e

{21-:[(m—n)dc059]}2
4(2xT)?

1 2(2nTc)’ —{2n(m—n)dcos 9}2 -
P=3 e 8¢’ (2nT)’ )

{2n[21cos O+(m-n)d (:059]}2
c?4(2nT)?

- 2(2nTe)’ —{2n[2lcos6 + (m —n)d cos 6} .
8% (2T)*

{2n[21c059—(m—n)dc059]}2
4(2xT)?

+\/—2(271Tc) —{2n[21cos® — (m — n)dcos@]} .
8¢? (2nT)’

\/—875 *T?c? —{2n](m—n)d cos 9]} [(m*nwcose)]z

2t 8¢ (2nT)’ c

1 \/— 8n°T?c* —{2n[2lcos B + (m —n)d cos 9]} . {WT
8 (2nT)’

8n*T?¢* —{2n[2lcos O — (m —n)d cos 6)]}2 {WT
+\/E > S e ¢
8¢*(2nT)
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2nflcosO 27fl
0s .COS

2nf
c c c

COoS

E-= j £2e 7T ¢ [(m—n)dcos0]df
0

. o 8nTc? — {2n[1cos2 0+1 +5(m —n)dcos e]}2 JW}
4 8c?(2nT)

8T2c? — {271c0s0 + 1 — (m —n)d cos O}> | 1ees¢+i=(mn)deosoT
iy {2n 2 5( )d cos 0]} e[ (mon)eos 0]
8¢ (2nT)

N 87°T?c? —{2n[lcos® —1+ (m —n)d cos 6]}2 e_[L °059—1+<m—n>dcose}2

/T 2cT

8¢’ (2nT)’
787 T¢’ ~{2nllcos 01— (m—n)dcos 0]} -|lettimomaeest]
+m ¢
8¢’ (2nT)’
F= jfze'(ZT‘Tf)2 cos’ 2Lﬂ.cosz—nf[(m —n)dcos0]df
0 C C
P J-fze,(mf)z lcos 2nf(m—n)dcos6O Jgf
0 2 c
+J- 2 O lcos 47fl cos 27f (m —n)dcosO Jaf
0 2 c c

0

Fo ljfze’(z"mz cos 2nf(m—n)dcos6O Jf
c

0

cos 27nf[21+ (m —n)d cos 0] 4 cos 27f[2]1 — (m —n)d cos 0]

+lj‘fze-(zm)2 l[ o 1df
29 2

C C

0

Fo ljfze’(z"mz cos 2nf(m—n)dcos6O Jf
c

0

¢ 27f[2]1+ (m —n)d cos 0]
c

df

+l_|‘f2e'(2“m2 [co
4 0

¢ 27f[2]1 — (m —n)d cos 0]
c

df

+l_|‘f2e'(2“m2 [co
4 0
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{211[(m—n )dcose]}2
c?4(2nT)?

2(2nTc)’ —{2n(m—n)dcos 9}
{\/7 8c’(2nT)’

{21-:[2]+(m—n)dcose]}2
4(2nT)?

- 2(2nTe)’ —{2nf21+ (m - n)dcose}
8% (2nT)*

{2n[21cos 6—(m—n)d cos 9]}2
c24(2nT)?

= 2(2nTe)* — {221 - (m — n)dcos@]}ze
8c>(2nT)’

[ 8ETE ~ {2n(m - nydcosol)” ]

N _{ 8> (2nT)’ C

1 \/78752T2 > {221+ (m - n)d cos 0]} e[iz”(mﬁdwsef
8 (2nT)’

2 —(m—n)dcos :
N RT e — {2ﬂ[31_(m5_ n)dcos 6]} e{w}
8c”(2nT)

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

A’T* N N
W = [N +1)[A-2B+C] +ZZD 2E +F]]

rad ] 2] R
(rsinOIn(—))" (2N +1) nm =N
a

n#m

(60)

3.3. Analysis at the Receiver Side

At the receiver side, the voltage produced on the load impedance Z; across
the terminals of the antenna is calculated from Vi(f)=Er(rf).hetd(f).Z1/(Z1+Zin ),
where h.yand Z, 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, V;(f) is derived as
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L v g (€03 2nflcosd 2l Jcos 2nfl cosb, 27rﬂr ) % exp(—j 2nf (r-ndcosd H)j
v STV T : 2
mZy2N+1 sinBsind_( —) (Z QO ( )cot 2n ﬂ
(61)

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

Substituting Gaussian monocycle expression in Vy(f), Vi(f) becomes

2nﬂcose 2nfl 27tﬂrcoser 2nfl
cos

v (- (zn)l/sz Z, e—27r2T2f2 (cos . —)( . - . )
L ) I Co 2mfl
rIn(—)sinBsind, v2N+1 sin 2nl; (Z =" In ( L Jeot—=)
a c

2nf
N -ji(r—ndcoseﬂ)

(S e ¢ (62)
N

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

shown below

2 2
© |V (f 4 252 o .—(2nTf)
W, = | L( )| df - 212rcT cZ; 2] e e
2y Z,[tin("" )sinbsinf), PON+) 0sin? (2T
2nﬂcos0 2nﬂ 27tﬂrcos9r 2nfl, ., .
[cos [co -Cos I° _i2nft-ndcosb-) .
X ¢ ¢ ¢ | > e ¢ |~ df
ZZ +[ CO 11’1( r ) t27€ﬂ ] n=—N
(63)
_ j2nf(r-ndcos6+1)
And using the expression obtained in Eqn. (56) for | > e c ?, Wiee
n=—N
reduces to
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‘5 . [cosznﬂcose—cosznﬂ]z[cosznﬂ cosf OS27tﬂ
Wrec: e 1ZL i e-( - € = C
[rsinesinerln(z—)]z(2N+l) 0 gin? (2“ ﬂrj [Qqn( e tznﬂ rp
a c B b C

AN+ 3.3, cos ZHIHINACOS)

1df . (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 V; at the receiver and the source voltage are correlated and each normalized

with their energy to obtain the correlation coefficient.
The numerator j V, (f )V, (f)df, which is the correlation between V,(f) and

Vi(f) is determined as follows:

2mfl 2mfl 2 fl 27tfl
o . Go ZchTze’(zmT)zZL[cos mileosd —n Tlcos =~ rCOser—cos s
C=agdy | (2n)/2T2fe 2D c e €
- r 2N+1sin9sm9rZOfsm i
j2nf
1 N+ ndcos8+]) 65
X e ¢ df (65)
2nfl

[(Z, +J§°1n( )eot——L]""
c

2nflcos O 2nfl 2TEﬂ cos6, 2nfl.
C(2TC)ZT42L % foy- (2T [cos . —Cos ][ ' —cos . ]
r]n(il)sinesiner Sosin 2T;ﬂr (Z,+] 2“ﬂ o

N J27r

xZe

n=—-N

(r—nd cos 6+1)
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2nflcos© 2nfl 27fl_cos 6, 2nfl
—Cos ][cos —cos L1z,
[

® fef(zmT)? [cos

C = c
0 sin 2nfl, [Z, +j=* CO ln( ) 2nﬂ
c c
N j2nf
+=——(r—ndcos 0+1)
X z e ¢
n=-—N
2nflcosO 2rfl 27nfl cosO 27fl
0 —nf1) [COS —Cos ][cos L L —cos L1z,
fe c c c
- 8in 2ndl, [Z, + J Z;O ln(z—l) cot 2rdl, ]
a

C
j2nf
N +i(r—nd cos0+1)
c

xY e

n=-—N

2nflcos© 2nfl 27fl_cos 6, 2nfl
—cos —cos "z,

w o _(2nfTy? [COS cos
C = fezﬁf;[ ) q][ 2ﬂ -
0 sin tr [Z, +] 0ln( ) 7::
N j2nf
+ (r—nd cos 6+1)
X z e ¢
n=-—N
2nflcos O 2nfl 2nfl cos 6, 2nfl,
% fom (2T [cos —cos ][cos —cos 1Z,
c c
» sin 2T(c:ﬂr Z, Z;O In ( ) 2Tl:ﬂr]
N j2nf
—=——(r—ndcos 6+1)
X z e ¢
n=-—N
7 fo 2nflcos 0 2l 2nifl_cos©, 2nfl,
C = [cos —Cos ][cos —Cos Z
! 2nfl C C C L
0 sin :
c
j2nf N 127r
(r—ndcos6+1) (r—ndcos6+1)
Z e ¢ 2.
X + N df
C 21 2nfl. Co 2nfl
[Z, +] °1n(*)c t—1 [Z,- *n( ) — ]
a c
Zy
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+M(r—ndcose+l)
N c

Z,=2Re{Y —= }
Nz, +JC°1T1( )co ziﬂ]

N cosz—nf(r—ndcos6+1)+jsin2—nf(r—ndcos6+l)

_ C C
=2Re{ D, C,. 2l 2nfl j
n=-N [Z, +] °ln(—)cot—*]
a C

[z —jgln(z—l)cot 2nﬂr][cos 2nf(r—ndcosO+1) +jsin 2nf(r—ndcosO+1)

]

=2Re{ )’ T a c c c \
N Z; +[gln(2—l)cot 2n i, I’
T a c
< [Z, Os2nf(r—ndcos9+l)+@1n(gl)cot2n fl, in2nf(r—ndcos6+l)]
=2R C c c
e{“:z—N C() 27'[: ﬂ
Z = I ( ) =T
« jlZ, sin 27tf(r—ndcos6+l)_gln(gl)cot 2nfl, S2nf(r—ndcos9+l)]
n=—N ZZ +[CO ln( ) 27'[: ﬂ ]
C
N [ZLcosz—nf(r—ndcose+1)+@ln(z—l)cotzniﬂsinziﬁ(r_ndcosejL1)]
222 Y I a C C .
n=—N 27fl

7+ [@ ln(z—l) cot )
T a

(66)

Then C; reduces to
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2nflcosO 27fl 27fl cos© 2mfl
—Cos ][cos ! L —cos !
c c c

]

B fe_(znfr)z 2ZL[COS
C =]

I
0 sin 2™k 7 +[g ln(2—1) cot 2 I
c T a c
N
X Z [Z, cosz—ﬁf (r—ndcosO+1)+ &ln(g) cot 2nfl, sinz—ﬂf (r—ndcos0+1)]df
—_ c T a c

(67)

/ j ‘Vg (f )‘2 df in the denominator has already been determined in Section 2,
Eqn. (49) as follows:
df = (2n)3/2T2 fJ' fze—zszzfz df = (2n)3/2T2 ’Zsze_Mszfz df
—o 0

(68)

\/I ‘(27_[)3/2 T2 fe—anTzfz

Using the identity

0 s _ '
sz"e"px dx :% %, [p>0, n=0,1,....],
0 )

It becomes

¢ 2 _ 3/2 2 (2—1)' T _ 3/2 M2 1 E
\ [O [V, O] df =@ T \/2 2aeT)\awer 0T (2nT)3\/;

/ j |VL (f )|2 df is derived in the same manner as shown below:
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2

2nflcos6 2nfl 2nfl cosb, 2nfl,
X ) i~ (r-ndcost+)

Tlv (f)lz i = I‘ (27[) 27, ¢ aere (Cos . -COST cosf-cosT ie:zzf' |
L
= = rln( )smGsmG ~2N+1 sin (Z C01 ( )Cot 2nl, ) N

c

2nf
( onflcos®  2mflo. 2rflcosd  2mfl,n N -Ji(r—ndcoseﬂ)z
COS: COS—————-COS 1 e’ ¢ \

2 L0 oM <“Mr
214?22 w  A2nTh? OS] oL c e 1 _Z_N
_ |[rsindsind,In(CH2@N+) 0 sinz(zLﬂrJ 224 C01 (ﬁ) tz"ﬂr]
a C

2nf

N % (r-ndcos®+
N e’l c (e-ndcos )\zdf
n=-N

It reduces to

’ 475T4 222 -(27["1"1‘)2 [COSM-COS@]z[COS
c

f
OJ? |V (f)|2 df - rsmesmerln( )] (2N+1) 0 sin (2ﬁcﬂrj Zi+[é?oln(%)00t4zzﬂr ]2
g =
V- NN armadeos)

x[2N+1)+ > > cos
n=-N m=-N ¢
n#m

2xf]
nfl-cosO —cos 2nfly ]2
c

1df

(69)

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

becomes
. 2nflcos® 2nfl 2mnfl, cos O, 2nfl,
20202 % fo @D [cos . —Cos . 1[[cos . —cos . ]
w4 . 2nfl 2nfl

0 sIn

7+ [& ln(z—lr) cot—r7
b4 b C

C

N 2nf
x> [z, cos%(r—ndcose+1)+C—;ln(%)cotz%msin%ﬁ(r—ndcose+1)]df

cC= =

2nflcosO 2nfl , 27fl_cos© 2nfl
=gy [cos —Cos 1" [cos s L —cos o
c c c c
0 sin® = 2nl, 7 +[& ln(z—lr) cot 2nfl, T
c i b c

x[(2N+1) + i i cos 27'Cf((m—ll)dcose)]df

n=—N m=-N C

n#m

(70)
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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 A./2, where A. is the wavelength at the center frequency
feofthe 3.1-10.6 GHz UWB range. For all dipoles, length/radius=100 and 7=1/f...

Figures 3.2, 3.3, and 3.4 illustrate the correlation coefficient, normalized
radiated and received energy patterns with respect to angle 0, respectively. In these
figures, for a fixed element spacing, d=0.6¢/f., 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.

correlation coefficient

-02 77777 “”"7‘/‘,1’1"»”‘ . | | | - 47,“\"\17777777,‘/77
0 0.5 1 1.5 2 25 3 3.5

theta

Figure 3.2. Correlation coefficient for different element numbers M =7, 9, 11;
Receiver dipole length = A./2; 21,/a, = 100; d = 0.6A., Z; = 150 Q.
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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.

radiated energy
© © o o o
N W x ol o
: .

14
N

0

0 0.5 1 1.5 2 25 3 3.5
theta

Figure 3.3. Normalized radiated energy for different element numbers M =7, 9, 11;
Receiver dipole length = A./2; 21,/a, = 100, d =0.6A., Z;, = 150 Q.

received energy
o
3

o
~

Figure 3.4. Normalized received energy for different element numbers M =7, 9, 11;
Receiver dipole length = A./2; 21,/a, = 100; d = 0.6A., Z; = 150Q2.
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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), (Sorgel et.al., 2005).

In Figure 3.5, the graph for the correlation coefficient with respect to angle 0
for element spacing d=0.7A. and for different number of elements (M = 2N+1=7, 9,
11) 1s illustrated. As shown in the figure, the variation of correlation coefficient with
direction increases as d increases from 0.6A4. to 0.7A.. Towards the end fire, this

variation can be observed more clearly.

0.5
M=7
""""""" M=9
4F H
0 M=11

correlation coefficient

3.5

theta

Figure 3.5. Correlation coefficient for different element numbers M =7, 9, 11;
Receiver dipole length = A./2; 21,/a, = 100; d = 0.7A., Z = 150 Q.

In Figures 3.6 and 3.7 the graphs for the normalized radiated and received
energy patterns with respect to angle 6 for element spacing d=0.7A. 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=0.7A.. 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 = A./2; 21,/a, = 100; d = 0.7A., Z; = 150Q2.
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Figure 3.7. Normalized received energy for different element numbers M =7, 9, 11;
Receiver dipole length = A./2; 21,/a, = 100; d = 0.7A., Z; = 150Q2.
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In Figure 3.8, the correlation coefficient versus 6 is plotted for various

element spacing (d=0.6A., d=0.7A., d=0.81.) with a fixed number of elements M=9.
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Figure 3.8. Correlation coefficient of Vi with Vg for different element spacing with
M=9 Receiver dipole length = A./2; 2/,/a, = 100; d=0.6A., d=0.7A., and
d=0.84., Z;, =150 Q.

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 = A./2;
2l,/a, = 100; d=0.6A., d=0.7A. and d=0.84., Z;, =150 Q.
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Figure 3.10. Normalized received energy with M=9 Receiver dipole length = A./2;
2l,/a, =100 d=0.6A., d=0.7 ., and d=0.8A., Z; = 150 Q.
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In Figures 3.9 and 3.10, radiated energy and received energy are plotted with
respect to 6 for various element spacings (d=0.64., d=0.71., d=0.81.) 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 2/, and radii a, 1s 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 7 in the far field region of the array.
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SR

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

E, (r.f)=, Ve (D [cos ( Znﬂicose J-cos( 27tcﬂ0 )} exp (_.j2nf(cr+lo) ]

2mrZ,,sinO~/2N+1

\ o
E, (r, 0=, Eo Vg (D [cos ( 27l cos6 J-cos( 2xfl, )} exp(- j2nf(r-dcosO 11)]
2anlsinO\/ 2N+1 C c o

Y 2nfl Df(r-ndcosd 1
E, (r.0=3, oV, (D) [cos( 2nfl, cos6 Jcos( nfl, )} exp(-J nf(r-ndcosd n))
2annsinO\/m c c c

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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V) &
G,V () L fcos 2l 0050 _ 0 2mfly 1 oep(—i2™ (r—ndcos0+1))
C C

E (r.f)=-a
T( ) 0 27‘[1\/2N + 1 Sin e n=—N Zn ¢
(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 Z,=({y/n)In(2/,/a,) 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 7, the energy radiated from the array of dipoles at a
distance r is derived as follows

2

2nfl 2nfl
T "Cose—cos T "]exp(—jﬁ(r—ndcoseﬂn))
c c

RN ARG

% 2
[C [E(r. ] df = I (2nrsin0) (2N +1) <% Z ‘ df.

—0

Zy
(72)

N 21 fl cosO anfl T
Zy= ), [cos T ';COS —Cos nc “}

— COS
C C C

n=—N m=-N Z Z

n m

[ 27 fl_cos® 2n ﬂn}[ 2n fl_cos0 2n ﬂm}
cos cos —cos

. cosz—nf[(m —n)dcosO+1 -1 _1idf (73)
C

Substituting Z and Gaussian monocycle expression into Eqn. (72), W;.g becomes
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27 fl_cos® 2n fl, ?
® C2ny T o | oS . —cos .
Wrad — J- - 20 — fZe*(ZnTt) {Z -
s 4nr sin” O(2N +1) =N [Z, ]

2n fl cos O 2n fl, H 2n fl  cosO 2n fl | }
s —cos cos —cos

o {co c c c c
22 5

n=—N m=-N n“m
n#m

.cosz—nf[(m— n)dcos®+1 -1 _1}df . (74)
c

Finally, W;,q 1s obtained as shown below

2m fl cosO 2n fl ’
AT v x| cos . —Cos .
Wrad — : . J‘fzef(zan) { z
(rsin0)" (2N +1) ¢ —N [In(=m )P

2n fl cos O 2n fl, H 2n fl cosO 2n fl
0s —cos cos —cos

i)y n( 2
an am

}cosﬁ[(m —n)dcos®+1 —1_]idf.
Cc

=
I

|
z
=1
I
z

(75)

The parenthesis in Eqn. (75) can be expanded to obtain an explicit expression

for Wp,qas follows

» 2nfl, cos© 2nfl cos®  2nfl » 27fl
AT w \ | cos . —2cos . cos . +cos .
W = fze-(zm)z
“ " (rsin®)’(2N +1) ! {n:Z_N [In( 21 T
al’!
L 1 2nf
+ Z cos 2~ [(m—-n)dcosO+1 —1 ]
n=—N m=—N 21n 2’lm C
wem In(—*) In(—)
an am
2nfl cos®  2mfl_cosO 2nfl cos®  2mfl
x[cos cos —Cos cos
c c c c

2m fl, 2nfl_cosO 2m fl, 2nfl |
s + s

—COS co COS co
C C C C

Jydf
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Using the identities which were designated before in equations (17) and (18)
(Gradshteyn, 1980), each integral is evaluated as follows

A= J-fze’(mf)2 cos? 21 €080 ¢
0

C

4nfl_cosO 4nfl_cosO
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0 2 0 2
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0

2
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T C 2 2
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Then the explicit form of the radiated energy can be expressed as

AT A2BCNDEFG
T Z ZZ M (76)

Wi = . 2
(rsin0)" (2N +1) = [In ( )] Ny ( m)
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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 2/, 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)

E (r.f)-h,(£)Z,
Z, +7Z

V() = (77)

T

again, where heg, Z,, and Z; 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, Vi(f) can be derived as follows

(cos 2nfl, cos®, cos 2nfl, )
QOZ CV (f) C C

V()=
- 21 r«/2N+1s1n9s1n9 fsm 2xfl, (Z, - Qo ln( ) 2Lﬂr)
c c

{ 2nifl cos® 2nfl }
cos —cos

- c c j2nf(r —ndcos 0 +1
X Z exp(—J ( n)). (78)
n=—N Zn C
Using Gaussian monocycle as the input, V;(f) then becomes
[cos 2nfl cos®, cos 2nfl, ]
1/2 2 272272 -
V. (f)= 2n) " "cTZ.e c c
r\/2N+1s1n9s1n9r sm (Z _ Col ( ) 2Tfﬂr)
2nfl cosO 2nfl,
N c e c j2nf(r—ndcos0+1 )
x> 1 exp(— : Dy (79)
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The energy received by the load at the terminals of the receiving dipole can be

obtained as follows:

2nfl cosO, 2nifl
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2nf
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c

The correlation coefficient between the load voltage V7 at the receiver and the

source voltage V, at the transmitter is derived as
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76



4. ULTRA WIDEBAND ANTENNA ARRAYS WITH EQUALLY SPACED
DIFFERENT LENGTH ELEMENTS Sule COLAK

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 6 for various parameters. For these figures, the
following common parameters are used: element spacing d = 4;/2 = 9.68/2 =4.84,
receiver dipole length = A./2, dipole length/radius (2/,/a,) = 100, [;=1;/2=4.84 cm
(outermost dipoles’ length), /;=A1,/2=1.41cm (dipole at the center), Z,= 150 Q,.

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) 1s presented in Figures 4.7 and 7.8, respectively.
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Figure 4.2. Correlation coefficient of V, and V| for element number M = 7; receiver
dipole length = A./2; 21,/a, = 100; d = A,/2, Z;= 150 Q.

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 = A./2; 2/,/a, = 100; d = A,/2, Z;,= 150 Q.

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 V, and V| for element number M = 9; receiver
dipole length = A./2; 2[,/a, = 100; d = A,/2, Z; = 150 Q.

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 = A./2; 2/,/a, = 100; d = A,/2, Z;,= 150 Q.

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 6 approaches from broadside to
endfire (6 — 0 or 8 — ), as the number of elements increases, deformation occurs

in the similarity of two waveform shapes.

correlation coefficient

0.8 I I I I I I
0 0.5 1 1.5 2 2.5 3 3.5

Figure 4.6. Correlation coefficient of V, and Vi for element number M =7, 9, 11;
receiver dipole length = A./2; 21,/a, = 100; d = A,/2, Z; = 150 Q.
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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
UWRB antenna arrays (Mokole, 1996), (Sorgel et.al., 2005). On the other hand, side

lobe level increases with increasing M.

radiated energy
o
&)

0 0.5 1 1.5 2 2.5 3 3.5
theta

Figure 4.7. Normalized radiated energies for element numbers M = 7, 9, 11; receiver
dipole length = A./2; 21,/a, = 100; d = A,/2, Z= 150 Q.
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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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received energy
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Figure 4.8. Received energies for element numbers M = 7, 9, 11; receiver dipole
length = A./2; 21,/a, = 100; d = A,/2, Z;= 150 Q.

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.

0.6 . : ‘ \
0.4+ |
0.2+ |
0 N -
-0.2+ |
0.4+ |
~ diff. lengh
dipole array
B same length
dipole array
one dipole
-0.8 | ) ‘ ’

Figure 4.9. Correlation coefficients of V, and Vp for one-dipole, same-length
element array and different length element array for M = 7. Receiver
dipole length = A./2; 2[,/a, = 100; d = A,/2, Z; = 150 Q.

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.

Figure 4.11.
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Normalized radiated energies for one-dipole, same-length element array
and different length element array for M = 7. Receiver dipole length =
Acl2;d = A1/2, Z;, = 150 Q.
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Normalized received energies for one-dipole, same-length element array
and different length element array for M = 7. Receiver dipole length =
Ael2; 21/a, = 100; d = A4/2, Z;, = 150 Q.
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In Figure 4.12, a comparison of correlation coefficients for element number
M =7 and for various element spacings (d = 0.54;, d = 0.6A4; and d = 0.74)) 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.

0.6

d=0.5¢/f
————————————— d=0.60/f |
d=0.7c/

025 |

correlation coefficient

-0.61 b

0.8 I I I I I I

Figure 4.12. Correlation coefficients of Vyand Vi for M =7 and d = 0.54;, d = 0.64,
and d = 0.74;. Receiver dipole length = A./2; 2/,/a, = 100; Z; = 150 Q.

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), (Sorgel, 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 = 0.5A4,, d =0.6A; and d =
0.74;. Receiver dipole length = A./2; 21,/a, = 100; Z;, = 150 Q.
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Figure 4.14. Normalized received energies for M =7 and d = 0.54;, d =0.6A; and d =
0.74;. Receiver dipole length = A./2; 21,/a, = 100; Z;, = 150 Q.
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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 =0.54;, d = 0.6A4; and d = 0.74)).
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 V, and Vi for M =9 and d = 0.54,, d = 0.61,,
and d = 0.74,. Receiver dipole length = A./2; 2/,/a, = 100; Z, = 150 Q.

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 = 0.54;, d = 0.64; and d =
0.74;. Receiver dipole length = A./2; 21,/a, = 100; Z;, = 150 Q.
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Figure 4.17. Normalized received energies for M =9 and d = 0.54,, d =0.6A; and d =
0.74;. Receiver dipole length = A./2; 21,/a, = 100; Z;, = 150 Q.
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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 Z;.

08 T T T T T T
ZL=150 ohm
————————————— ZL=250 ohm
06r ZL=450 ohm ||

correlation coefficient

0.6 I I I I I I

Figure 4.18. Correlation coefficients for Z;, = 150, 250, 450 Q with M =7 and d =
A1/2. Receiver dipole length = A./2; 21,/a, = 100.
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Figure 4.19. Correlation coefficients for Z;, = 500, 750, 1k Q for element number M
=7 and element spacing d = A,/2. Receiver dipole length = A./2; 2/,/a, =
100.

If Z; 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 Z;, 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 : CChax = 0.8260
Load Impedance D Lot = 1.9512.10°Q
Element Number D Mopi=5

Element Spacing o dopr = 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 7 between consecutive elements. This means
phase shift in the electric field expression (Sorgel et.al., 2005). Therefore, the
scanning is accomplished by applying weights that has phase nt 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 2/, and radii a, 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 # is as follows:

. V(f .
E (r,f)=-a, V() {cos 2nfl, cos® —cos 2mfl, }exp[—1£(r—ndcos9+ 1 +ncr)j (82)
ZTE['ZH\/ZN-FI sin® c c c

which includes nt term as being different from the previous array structure. Here,

T = d*cos(6y)/c 1s the delay parameter which is applied between the consecutive
elements. According to this, the maximum amplitude occurs at 6; 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 Z, = ({y/n)In(2/,/a,) 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
E,(r,f,0,0)=-d, V() [COS 2fl, cos6
C

2mfl . 2nf
0s—= |exp| —j— (r—ndcos0+1 +nct)
% 2mZ, 2N +15in 0 c ¢

(83)

The expression for the radiated far field energy is given by (Mokole, 1996)

*df (84)

W(6,6,) =€i [[E.(r.5,6,0)
0 —o

Then radiated energy of the array is derived from
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i N &V, (f) 2nfl cos© 27tfl
W . =|]|-a 0 ¢ cos n —CoS n
" :[o| it 2mrZ 2N +1sin© C c ]
2nf )
exp(—j—— (r—ndcos®+ 1 +ncr))|" df (85)
c

If the source voltage is Gaussian monocycle, then the radiated energy

becomes

2n fl cosO 2n fl ’
" N | cos . —Cos .
2 _—(2nTf)?
)J-f © {n=Z—N 2 2
0 [In(—")]

1l"l
a

B 47°T*
" (rsin0)’(2N +1

n

C C

{ 2n fl_ cos@ 2m fl, H 2n fl_ cos® 2 fl }
cos —cos cos —cos
c c

>

21 21
e (=) In( =)
an a‘m

+

1 M=

.COS 2nf [(m—-n)dcosO—ct)+1 -1 _1}df  (86)
c

which has the same form as in Section 4 except the ct term.

The energy pattern is described as the normalized energy (Mokole, 1996)

_ W(b,6,))
" W(n/2,1/2) &7

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

Wiaq as follows
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W = 47°T* ]gfze-(zm)z
" (rsin@)’ (2N +1) ¢
, 2nfl cos© 2nfl cos®  2nfl , 2nfl
« | cos f—Zcos . cos . + cos .
><{n=z—N 21n 2
[ ]
N 1 2nf
+Z Z cos [((m—-n)(dcos®—ct)+1 -1 ]
c

AT N In ( ) In (7)
ZTcﬂncose 2nfl_cosO 2nfl cos®  2mfl

x[cos CoS —Cos cos
c c c c
27 fl 27nfl cos©O 27 fl 27ifl
—cos L cos o + cos L cos ]4df
c c c c

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 ct term, the expressions are evaluated as listed below

1 Jr , 7 8@To) ;(4nln500s9) e_(“”]]
2 °42nT)’ 8¢’ (2nT)

B \/,1 8(nTc)’ —(27:1 (cose+1)) o []"(C;§$+l)j
8c*(2nT)’

, 8(xTe)” —(2nl, (cos B~ ) [””9”]]
8c?(2nT)’ ©

SENFCINEL SR
) 4(2nT)’ 8¢’ (2nT)
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The explicit form of the radiated energy can then be expressed as follows

T (rsin 0)° (2N + 1) 2 o a1 @Y

Am’T* N I-211 110 N IV-V-VI+VII
[ +
n:z_N 1 2 % 1n m
[In(—5)]" %4 )In(—")
an am

=N In(

1]’1
al’l
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 A./2, which corresponds the half wavelength at the center frequency

f=6.85 GHz of the 3.1-10.6 GHz UWB range. Length/radius for all dipoles is 100.
Pulse duration is 7=1/f..

Figure 5.2. Radiation pattern in polar plot for M =5 and d = 0.6A, with scan angles
a) O=n/2, /3, /4, ©/6 , b) O=n/2, 2n/3, 3n/4, S1/6

Figure 5.3. Radiation pattern in polar plot for M =9 and d = 0.6A, with scan angles
a) 0~n/2, n/3, n/4, n/6, b) O~n/2, 21t/3, 3n/4, S1/6
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In Figures 5.2 and 5.3, normalized energy patterns are illustrated with respect
to observation angle 6 for element number M = 5 and M = 9, respectively. The
element spacing is chosen as d = 0.6¢/f.. Energy patterns are graphed in a polar plot
for various different scan angles a) 0,=90°, 60°, 45°, 30° and b) 6= 90°, 120°, 135°,
150°, 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 05 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.

(2) (b)

Figure 5.4. Radiation pattern in polar plot for M =11 and d = 0.6A, with scan angles
a) O=n/2, /3, /4, ©/6, b) O~=n/2, 2n/3, 3n/4, S1t/6
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(a) (b)

Figure 5.5. Radiation pattern in polar plot for M =9 and d = 0.7A, with scan angles
a) O=n/2, n/3, /4, ©/6, b) O~=n/2, 2n/3, 3n/4, S1t/6

(2) (b)

Figure 5.6. Radiation pattern in polar plot for M =11 and d = 0.7A, with scan angles
a) O=n/2, /3, /4, ©/6, b) O~=n/2, 2n/3, 3n/4, S1/6

Figure 5.5 illustrates the radiation pattern for element number M = 9 and
element spacing d= 0.7c¢/f.. 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 = 0.7¢/f.. 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 0
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 (05 = m/2), there is a

symmetry around /2. Additionally side lobes appear symmetrically around the main

lobe.

(2) (b)

Figure 5.7. a) Radiation pattern for M = 7, scan angle 65 = n/2, b) in polar plot for
element spacing d = 4,/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.

180 —

(2) (b)

Figure 5.8. a) Radiation pattern for M = 7, scan angle 65 = n/3, b) in polar plot for
element spacing d = A,/2.
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Figure 5.9. a) Radiation pattern for M = 7, scan angle 65 = 1/6, b) in polar plot for
element spacing d = A,/2.

0.8

(2) (b)

Figure 5.10. a) Radiation pattern for M = 7, scan angle 6, = 21/3, b) in polar plot for
element spacing d = A,/2.

90 o3

(2) (b)

Figure 5.11. a) Radiation pattern for M = 7, scan angle 6, = 5m/6, b) in polar plot for
element spacing d = A,/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 6 = /2, b) in polar plot for
element spacing d = A,/2.
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Figure 5.13. a) Radiation pattern for M = 11, scan angle 6= n/3, b) in polar plot for
element spacing d = A,/2.
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Figure 5.14. a) Radiation pattern for M = 11, scan angle 6 = /6, b) in polar plot for
element spacing d = A,/2.
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Figure 5.15. a) Radiation pattern for M = 11, scan angle 6 = 27/3, b) in polar plot
for element spacing d = A4,/2.
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Figure 5.16. a) Radiation pattern for M = 11, scan angle 0 = 57/6, b) in polar plot for
element spacing d = A,/2.
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Figures 5.17 through 5.21 show the results when M = 11 and d = 0.6\;. 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 6 = /2, b) in polar plot for
element spacing d = 0.64,.
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Figure 5.18. a) Radiation pattern for M = 11, scan angle 6s = /3, b) in polar plot for
element spacing d = 0.64,.
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Figure 5.19. a) Radiation pattern for M = 11, scan angle ;= n/6, b) in polar plot for
element spacing d = 0.64,.
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Figure 5.20. a) Radiation pattern for M = 11, scan angle ;= 27/3, b) in polar plot for
element spacing d = 0.64,.
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Figure 5.21. a) Radiation pattern for M = 11, scan angle 0 = 57/6, b) in polar plot for
element spacing d = 0.64,.
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6. CONCLUSION

Very short duration pulses are wused 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 6
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 m/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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