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Abstract

The pulse receiving characteristics of several thin-wire antennas have been investigated in
this thesis.

First, a loop antenna with a uniformly distributed impedance has been investigated,
analytically, in the frequency domain. An equivalent circuit has been developed for the
impedance-loaded loop antenna receiving an arbitrary steady-state electromagnetic field.
The frequency- and time-domain recziving characteristics of a resistively loaded loop an-
tenna have been obtained. It has been found that the loop antenna with a uniform dis-
tributed resistance has a broad receiving bandwidth. Nonetheless, the antenna is dispersive
and is therefore not suitable for the reception of electromagnetic palses or transients.

Second, pulse-receiving characteristics of resistively loaded straight dipole antennas have
been investigated in the time domain. Frequency-domain receiving characteristics have been
obtained using the Fast Fourier Transform method. Two types of resistively loaded straight
dipole antenna designs have been considered. One design has a high distributed resistance
and a low terminal resistance, and gives a broad bandwidth at the expense of the sensitivity.
The other design has a low distributed resistance and a high terminal resistance. It does not
sacrifice the sensitivity but requires an active high-impedance receiver circuit. It has been
found that the Wu-King resistively loaded dipole has the maximally flat frequency response
close to the upper roll-off frequency, when terminated with a high-impedance load.

Third, a time-domain stepping-in-time procedure has been developed for the analysis

of unloaded and resistively loaded V-antennas. V-antennas with various terminations have

it



also been analyzed using the Numerical Electromagnetic Code. After identifying the limi-
tations of resistively loaded straight and V-antennas in receiving fast pulses and transients,
a passive compensation technique has been develeped to significantly increase the upper
frequency limit of the V-antenna. The new V-antenna consists of a resistively-loaded thin-
wire V-dipole or monopole, a Respcnse Equalizer Circuit and an oscilloscope probe (or
other termination). For a given termination, the new antenna has a higher sensitivity and
a much broader bandwidth compared with the Wu-King antenna. It is estimated to have a
3-dB bandwidth from 25 MHz to 10 GHz wher. used with a commercially available 500 Q
passive probe. The sensitivity is approximately 1 mV/(Vm=!), taking into account the 20
dB attenuation of the probe. With a 50  probe, this antenna has a 3-dB bandwidth from
110 MHz to 10 GHz, and a sensitivity better than 4 mV/(Vm™).

A V-antenna and a Wu-King monopole anteuana have been fabricated using *hin-film
deposition technology. A time-domain antenna range has been built 2nd used to measure
the time-domain response of the experimental antennas. It has been found tliut the exper-
imental V-antenna is capable of receiving a 520-ps approximately Gaussian pulse, without
significant distortions. The frequency-domain receiving characteristics of the two antennas
have been obtained using the Fast Fourier Transform method. The receiving response of
the V-antenna has been measured in the frequency domain, using a TEM cell and network
analyzers. The experimental thin-film V-antenna has « sensitivity of 1.12 mV/(Vm™!) and
a flat receiving response from 35 MHz to 3 GHz. It was not possible to measure the response
beyond 3 GHz, due to limitations of the pulse generators available. The experimental thin-
film Wu-King antenna has a sensitivity of 22 mV/(Vm~!) and a upper roll-off frequency of

about 300 MHz, which is limited by the bandwidth of the active receiver circuit.

!
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Chapter 1

INTRODUCTION

Even though some early experiments in electromagnetics were performed with pulse sig-
nals, more emphasis was placed later on time-harmonic electromagnetic fields and waves,
The time-harmonic consideration significantly simplified the theoretical treatment of electro-
magnetic systems, eliminating the time-integral and time-differential operators in Maxwell’s
equations. On the practical side, very efficient sources and highly sensitive receivers were
realiied for the generation and detection of time-harmonic electromagnetic fields. Together
with the development of efficient antennas for transmission and reception of such fields,
complete and successful time-harmonic electromagnetic systems became a reality. Ideal
time-harmonic signals, however, carry no information. When information is embedded in
the signal in any form of modulation, the signal deviates from the ideal time-harmonic form.
Practical time-harmonic systems operate with such quasi-time-harmonic signals having rel-
atively narrow bandwidths.

In spite of the fact that systems and techniques based on quasi-time-harmonic signals are
satisfactorily used in many electromagnetic applications, some electromagnetic phenomena
are inherently non-time-harmonic and therefore should be treated differently. It is mearing-
less to measure very broadband electromagnetic fields generated by lightning, for example,
using narrowband receiving systems designed for time-harmonic fields. Studies of pulse and

transient electromagnetic fields, once left behind by the time-harmonic technology, are a
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reality now, thanks to the recent advances in transient electromagnetic technology.

With the advent of short-pulse signal generators, interest has been growing in the ex-
ploitation of pulse electromagnetic fields in a wide spectrum of applications such as material
measurements, radar, target identification, and remote sensing. Time-domain reflectome-
ters and time-domain antomatic network analyzers have been developed for the analysis of
components and materials over a broad frequency range. Time-domain scattering analysis
has several advantages over the conventional frequency-domain method. It does not need
expensive anechoic chambers. Time.domain scattering data contains all the information
over the frequency bandwidth of the excitation pulse. Frequency-domain parameters such
as radar cross section can be obtained over this bandwidth, using numerical Fourier trans-
formation techniques. Since the waveform of the scattered field is closely related to the
target composition and geometry, it can be directly used for signature analysis and target
identification. Time-domain scattering data can also be used to identify target scattering
centers; an important step in the development of less-visible warfare and stealth techrology.
Experimental baseband (carrier-free} radar systems proved useful in a variety of applica-
tions ranging from automobile precollision sensors for airbag operation to airport ground
traffic control systems [1]. Attempts have been made to identify the nature of the target by
analyzing the return signal waveform of the baseband radar. Such sophisticated techniques
have many potential applications in both civilian and military domains. One example is
a baseband radar system developed for the detection and identification of metallic and
non-metallic underground features such as buried utility lines, pipes, tunnels and mines {2).

Modern digital systems may be immune to low-power long-term interference such as
noise, but they seem more vulnerable to high-power short-term interference due to tran-
sient electromagnetic fields. With the increasing popularity of digital systems in almost
every field, including many safety-related and airborne applications, the electromagnetic
compatibility (EMC) of electronic systems with transient radiation is becoming a critical
issue. This raises the importance of characterizing unintentional transient electromagnetic

radiation, and analyzing its influence on electronic systems.
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1.1 Motivation

Many novel time-domain measurement techniques such as time-domain scattering measure-
ments, transmission and reflection measurements of slabs, identification of debonding in
multi-slab structures [3], and layer-peeling techniques [4], use unguided pulse electromag-
netic fields. Some recently developed time-domain systems such as the baseband radar
and target identification systems are also based on unguided pulsed fields [5]. For the full
exploitation of their capabilities. one obviously needs good pulse-transmitting and pulse-
receiving antennas. Good pulse-receiving antennas are also needed for the characterization
of transient electromagnetic radiation from natural and man-made sources, such as light-
nin,, electrostatic discharge (ESD) and nuclear electromagnetic pulse (NEMP).

Although pulse generators and receivers were considerably improved over the past two
decades, antennas for pulse applications did not develop at the same rate. To be useful
in pulse or transient applications, an antenna should not only have a broad bandwidth
but also proper phase (precisely, time-delay) characteristics. This later condition excludes
virtually all conventional broadband antennas designed for multi-frequency time-harmonic
applications [6, 7). When the pulse has a short rise time (transition duration}, the antenna
should respond without delay, i.e. it should be able operate at sufficiently high frequencies.
When accurate measurements are to be made for an extended period of time, the antenna
should also be able to operate at sufficiently low frequencies. These two requirements
determine the antenna bandwidth for a given application.

The challenge of designing receiving antennas to operate at very low frequencies has
been successfully dealt with recently. Electrically small dipole antennas terminated with
high-impedance active circuits {8] and electrically small loop antennas terminated with
low-impedance active circuits [9] allow measurements down to kilohertz or even lesser {re-
quencies. At the other extreme, designing broadband antennas with short rise times still
remains a challenge.

Some natural and man-made electromagnetic transients are suspected to have sub-

nanosecond rise tiraes. Many time-domain systems also need to operate with sub-nanosecond
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pulses, either to extract broadband data or to achieve high spatial {or time) resolution. To
work with such fast pulses and transients, one needs broadband receiving antennas operat-
ing up to 10 GHz or even higher frequencies. In the case of perfectly-conducting antennas
such as spherical dipoles, conical dipoles and loops, the upper frequency limit is a fraction
of the first resonant frequency of the antenna. Hence, such antennas are electrically small
over the whole bandwidth of operation. These antennas are limited to receiving pulses and
transients with rise times much longer than the antenna transit time. For sub-nanosecond
operation, they have to be very small physically. In turn, they are less sensitive and difficult
to fabricate.

The upper frequency limit of pulse-receiving antennas has been increased to several
gigahertz, using resistive loading. Novel resistively loaded ‘TEM’ horns (with passive ter-
minations) can operate up to 3 GHz [10}. Even these antennas may not be fast enough for
some sub-nanosecond applications.

The need, and the lack of broadband antennas for the reception of sub-nanosecond

electromagnetic pulses and transients have motivated this study.

1.2 Original Contributions

The primary objective of this study was to find a satisfactory solution to a practical problem
of receiving sub-nanosecond electromagnetic pulses and transients. To this end, the thesis
describes a novel antenna design based on a resistively loaded monopole and a passive
compensation circuit, which is expected to have a 3-dB bandwidth better than 25 MHz- 10
GHz, and a sensitivity of 1 mV/(Vm™!). This may be considered the major achievement
and contribution of the thesis. The logical approach taken for the development of the new
antenna is described in Chapter 5.

Other original contributions to the knowledge of pulse-receiving antennas are as follows:

¢ A loop antenna with uniform resistive loading is found broadband but dispersive. It
may be useful for conventional multi-frequency applications but not for the reception

of electromagnetic pulses and transients (Chapter 3).



INTRODUCTION 5

o Considering resistively-loaded straight dipoles with high-impedance terminations {>
10 k), the Wu-King distributed resistance is found to give the broadest ripple-free
bandwidth. On the other hand, if the termination impedance is low (< 10 k2), a
distributed resistance much higher than the Wu-King value is needed for broadband .
operation. In this mode of operation, the optimum distributed resistance is found as

a compromise between the bandwidth and the sensitivity (Chapter 4).
Original contributions to the antenna analysis are as follows:

¢ An analytical frequency-domain solution is obtained to the problem of circular thin-
wire loop antenna with uniform impedance loading. The receiving antenna problem
is directly solved without using reciprocity, and therefore the solution is valid for
arbitrary incident fields. An equivalent circuit is developed to describe the operation
of the antenna. Theoretically obtained time-domain response of a resistively loaded

loop antenna is presented for the first time in literature.

¢ A time-domain Method of Moments (stepping-in-time) solution is developed, using
roof-top expansion functions, for the analysis of various resistively loaded and un-
loaded straight dipoles. To the best of author’s knowledge, this is the first time-domain
numerical analysis of the Wu-King resistively loaded dipole.

e A time-domain Method of Moments solution is developed, using roof-top expansion
functions, for the analysis of resistively loaded and unloaded V-dipoles. Space-time
distribution of current and charge in V-dipoles are presented for the first time. The

resistively loaded V-dipole has never been analyzed in the time domain before.

1.3 Organization of the Thesis

In Chapter 2, the state of the art in pulse-transmitting and pulse-receiving antennas is
reviewed. A summary of related work in antenna analysis is also included.
In Chapter 3, an analytical frequency-domain solution is obtained to the problem of the

circular loop antenna with uniform impedance loading. An equivalent circuit is developed
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to explain the receiving characteristics of the loop antenna. Frequency-domain receiving
characteristics are presented for various values of distributed resistance, terminal resistance
and several directions of the incident wave. Time-domain receiving responses of a resistively
loaded loop antenna to monopolar and bipolar incident pulses are presented. The dispersion
of the uniformly loaded loop antenna is explained using time delay characteristics.

In Chapter 4, the unloaded and resistively loaded straight dipole antennas are analyzed,
directly in time-domain. Two different methods are used. A novel stepping-in-time proce-
dure uses roof-top expansion functions to solve a time-domain integro-differential equation.
The other method is to solve a Hallen-type time-domain integral equation, using Liu algo-
rithm. Frequency-domain receiving characteristics of the straight dipoles are obtained using
Fast Fourier Transform techniques. Emphasis is made on two different types of designs: (1)
using a low distributed resistance (given by Wu-King expression) and high terminal resis-
tance, (2) using a high distributed resistance and low terminal resistance.

In chapter 5, a time-domain stepping-in-time procedure is developed for the analysis of
unloaded and resistively loaded V-antennas. Loaded and unloaded V-antennas with various
terminations are also analyzed using the Numerical Electromagnetic Code. Frequency- and
time-domain characteristics of V-antennas are presented. After identifying the limitations
of resistively loaded straight and V-dipoles in receiving fast pulses and transients, a novel
passive compensation technique is developed to significantly increase the upper frequency
limit of the V-dipole.

Preliminary experimental results obtained with two prototype resistively loaded an-
tennas are presented in Chapter 6. One is a V-monopole antenna terminated with a
commercially-available 500 Q oscilloscope probe (Tektronix P6510). Other is a Wu-King
monopole antenna terminated with a high-impedance electronic circuit. The two antennas
have been tested in a time-domain antenna range. Frequency-domain receiving charac-
teristics have been obtained using the Fast Fourier Transform method. The V-monopole
antenna has also been tested directly in the frequency domain, using a TEM cell and network

analyzers.

A general discussion of this study is presented in Chapter 7. Possible improvements in
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pulse-receiving antennas and in time-domain analysis techniques are also suggested.



Chapter 2

A REVIEW

2.1 Antennas for Pulse Applications

Some of the antennas designed for pulse applications are reviewed in this section. A few
antennas described here work well only within a time interval and, hence, are useful only

in pulse applications. Others can be used with time-harmonic signals as well.

2.1.1 Conical Antenna

The infinite conical antenna has an interesting geometry defined only by the angles. Hence,
even if the antenna is scaled, it remains unchanged. Consequently, the input impedance and
the electromagnetic field produced by the infinite conical antenna are frequency-independent.
A finite conical antenna has a significantly different behavior under time-harmonic excita-
tion. However, when a finite antenna is excited by a short pulse, the antenna behaves
similarly to an infinite antenna, during a time interval determined by the dimensions of the
antenna. Therefore, the finite conical antenna can be used as an ideal pulse transmitter,
within a finite time window.

Many different forms of conical antennas have been described in the literature. Finite

and infinite circular biconical antennas were analyzed by Schelkunoff and Friis [11]. Carrel
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derived an expression for the input impedance of an infinite biconical antenna with arbi-
trary cross section [12]. The input impedance of the antenna was found to be real and
frequency-independent. The symmetric and asymmetric circular biconical antennas, the
biased (non-coaxial, inclined) circular biconical antenna and the coplanar and non-coplanar
fin antenna were also treated as special cases. Frequency-domain expressions for the elec-
tromagnetic field from finite conical antennas were derived by Wait [13]. Dielectric loaded
conical antennas were also considered. Pulse transmitting and receiving characteristics of
the finite circular conical antenna were aralyzed by Harrison and Williams [14]. It was
found that, if the source impedance was matched to the antenna ‘characteristic’ impedance,
a voltage pulse could be transmitted without distortion, within a time-window.

Foltz and Davis recently analyzed the input impedance of the infinite conical antenna
with elliptic cross section {15]. The circular biconical antenna and the planar fin antenna
(bow-tie) were also considered as special cases. Blume and Grafmiiller used a mode match-
ing technique to analyze the finite biconical antenna with elliptic cross section [16]. Far
fleld of the finite asymmetrical circular biconical antenna was analyzed by Nagasawa and
Matsuzuka [17]. Maloney et. al. analyzed the conical antenna using the Finite-Difference
Time-domain technique [18].

The input impedance of an infinite circular monocone antenna is given by [17]
=5 (=3)
Ze = 5 In ( cot 2 (1)

where 8, is the half-cone angle of the antenna. The electric field £y and the magnetic field

Hy, at a distance r from the apex and at an elevation angle 8, is related to the input voltage
Vo by [17]

Balribw) = rsin Z‘;:-(J:;t %ﬂ) @
Hy(r,0,w) = M (3)

In the time domain,
ep(r,0,t) = % (t-5) (4)

rsinfdln (cot %ﬂ)
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he(r,8,t) = ﬂ-(—t-’-?—’-g-. (5)
§

The circular conical antenna is omni-directional. The directivity of the antenna can be
improved by slanting it (biasing). An alternative to the biased conical antenna, called the
V-conical antenna, was recently proposed by Shen et. al. [19]. It is not only directive but
also much easier to fabricate when compared with the biased conical antenna. The V-conical
antenna is composed of two identical triangular sheets wrapped around a conical surface.
Half of the antenna (with only cne sheet) can be used in ground plane applications. As the
V-conical anterna is completely described by only three angles, its input impedance and
the fields are frequency-independent. Symmetrical and asymmetrical V-conical antennas
and the triangular plate antenna were analyzed using a conformal mapping technique [19].
Due to the higher directivity, a stronger electromagnetic field can be obtained with the
V-conical antenna when compared with the regular conical antenna.

In some applications, measurements are terminated before the reflection from the end
of the finite conical antenna reaches the receiving antenna. Attempts have been made to
minimize these reflections by burying the end of the conical antenna in electromagnetic

absorbers [20].

2.1.2 Coaxial Horn Antenna

A coaxial horn antenna is commonly used as the receiving antenna in time-domain scattering
ranges. Although not implied by the name, it is essentially an annular aperture on a ground
plane, matched to a regular coaxial line using a tapered (conical) coaxial line section.

The coaxial horn antenna does not reproduce the incident electric field waveform at the
output. In contrast, its output signal is approximately proportional to the time derivative
of the incident pulse. This property has been exploited in time-domain scattering ranges
to measure impulse response of scatterers. The scatterer is illuminated with a step incident
field and the output of the coaxial horn antenna is taken as the impulse response.

Lamensdrof analyzed the transient response of the coaxial horn antenna, assuming a

TEM field distribution at the aperture [21]. Since higher order modes are neglected in
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this analysis, it is only valid for wavelengths much longer than the aperture dimension.
Measurements have shown that the signal is distorted if this condition is not met. A constant
characteristic impedance, usually 50 2, is maintained along the tapered section. This
requires a constant radii ratio at every cross section. A larger aperture produces a stronger
output signal at the expense of bandwidth. Low sensitivity is the major disadvantage of

the coaxial horn antenna.

2.1.3 TEM Horn Antenna

The TEM horn antenna is one of the few electrically large antennas used for pulse reception.
Several different forms of TEM horns have been described in the literature. Kanda anralyzed
a TEM antenna composed of two triangular conducting plates [22, 23]. This antenna can
be approximated by a constant-impedance TEM transmission line if the aperture is much
smaller than the wavelength and, hence, it is called the TEM horn. A distributed resistive
loading was applied to smooth out the ripples in the frequency response of the perfectly
conducting TEM horn [24].

A TEM horn with a tapered characteristic impedance was also considered [25, 26]). This
antenna is the result of an attempt to ‘match’ a transmission line carrying a TEM wave
to the unguided free-space. The width of each conducting plate varies along the length of
the horn, forming an optimum impedance matching section. Input-end impedance of the
matching section (horn) is equal to the cha.acteristic impedance of the input transmission
line, whereas the open-end impedance is rather arbitrarily chosen to be equal to the intrin-
sic impedance of free space. Possible reflections at the open end are further reduced by
attaching resistive pads to the end of each plate.

The lately developed TEM horns have a constant-impedance perfectly conducting horn
section and a resistively loaded parallel plate section [10]. The conducting horn generates
the induced voltage (in the receiving mode) and the parallel plate section attenuates the
reflections from the open ends. Lumped resistors are used to load the parallel plates. Very
good receiving fidelity has been achieved with these TEM horns. The lower roll-off frequency

of the TEM horn antenna was further reduced, using a high-impedance electronic circuit
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connected to the horn output.

2.1.4 Loaded and Unloaded Dipoles

A perfectly conducting straight dipole excited by a time-harmonic voltage source exhibits a
standing wave current pattern. Wu and King have shown that when such a dipole is loaded
with a distributed (internal) impedance of proper value, the current forms an outward-
traveling wave (27, 28]. The required distributed impedance varies along the length of
the dipole and reaches infinity at the ends. It is determined by the dipole length, radius
and the excitation frequency. It has been shown that the necessary distributed reactance
is much smaller when compared with the distributed resistance provided that the dipole
is electrically short [29]. Although an accurate implementation of the Wu-King (WK)
nonreflecting dipole should have a distributed resistance as well as a reactance, for all
practical purpuses, it can be approximated by a resistively loaded dipole (i.e. a dipole with
a distributed resistance).

Travelling-wave antennas such as rhombic antennas are known to have broad band-
widths [30]. Hence, the WK dipole was considered for broadband time-domain and frequency-
domain applications. The WK dipole and other resistively loaded dipoles were analytically
investigated by Sengupta and Liu [31]. Several numerical investigations have also been
done in the frequency domain [32). Kanda investigated the WK dipole and the corre-
sponding monopole, both experimentally and theoretically [22, 33, 34]. A broad receiving
bandwidth can be achieved by terminating the WK dipole with a high-impedance load.
Kanda and Driver have successfully realized a broadband isotropic antenna based on the
WK dipole [35]. However, this design uses a diode detector at the dipole terminals, and
hence, is limited to the measurement of time-harmonic electromagnetic fields. For the mea-
surement of pulse and transient electromagnetic fields, the WK dipole was coupled to a
high-impedance electro-optic modulator [36, 37]. Capacitive loading of the straight thin-
wire dipole was also considered [29).

Vollmer and Hinken described a tapered wire antenna, designed to have a constant gain

over a broad bandwidth [38]. The profile (shape) of a perfectly conducting antenna was
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synthesized first. Then, a resistive loading was applied close to the open end, in order to
further reduce reflections. The final structure was analyzed using the method of moments.
An experimental antenna had less than 8 dB gain variation in the frequency range from 1
GHz to 18 GHz.

Recently, a new class of pulse-receiving antennas was described by Shen et. al. [39].
The L-antenna and the V-antenna are simple thin-wire perfectly conducting monopoles,
having the shapes of the letters ‘L’ and ‘V’, respectively. These antennas can be used
to measure very fast electromagnetic pulses, within a time-window. The time-window is
limited by the reflections from the open end. The V-antenna was found to have the best
sensitivity. However, the very short time-window of this V-antenna may make it unsuitable
for many practical applications. A simple calculation shows that the 82 mm V-antenna
with 30° wedge angle, described in [39], has only a 37 ps distortion-free time-window. The
time-window of the L-antenna can be increased by extending the ‘tail’ of the antenna. How-
ever, fairly long antennas are needed for measurements extending to several nanoseconds

(approximately 15 cm length per ns).

2.1.5 Electrically Small Dipoles and Loops

Electrically small dipoles and loops have been widely used as electric and magnetic field
sensors (receiving antennas) in frequency-domain applications. The advantages of such
sensors are the simple relationship between the receiving transfer function and the geometry,
and the small size. Baum and others have developed a wide collection of electrically-small
sensors for time-domain applications [40]. These include dipole-type sensors for electric
fields and loop-type sensors for magnetic fields, operating in both proportional (E-senrsors
and H-sensors) and differentiating (D-sensors and B-sensors) modes.

Electrically small perfectly conducting dipole-type antenna of any geometry can be
represented by a frequency-independent vector effective height I,;,, and a capacitance C
(40, 41]). The receiving mode equivalent circuit for such a dipole is shown in Figure 1(a),

where EE;,_. is the incident electric field vector and R is the load resistance. The received



A REVIEW 14

o)
F

{a) (b)

Figure 1: Equivalent circuits for electrically small antennas. (a} dipole, (b) loop.

voltage is simply given by
R - -
V= (__R+ ""IU-) Ie.eq-Et'm:' (6)

Juw

It is quite clear from this expression that: (1) forw < 7z, the received signal represents the
derivative of the incident electric field pulse; (2) forw » ;%, the received signal reproduces
the incident pulse. Different dipole-type geometries have been attempted to improve the
bandwidth of each mode by increasing or décreasing the capacitance. Differentiating sensors
such as asymptotic conical dipoles operating up to frequencies as high as 7.5 GHz have been
reported (40, 42}. The parallel-plate dipole has a larger capacitance and therefore a broader
proportional-mode bandwidth [43, 44].

Electrically small loops of any shape can similarly be represented by a frequency-
independent vector equivalent area Ay, eq and an inductance L. Figure 1(b) shows the
receiving mode equivalent circuit of such a loop, where B, is the incident magnetic flux
density vector. The received voltage waveform is similar to: (1) the derivative of the mag-
netic field waveform when w <« f; (2) the magnetic field waveform itself when w > %

Sensors with various geometries have been realized to operate in both of these modes (40].
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The new generation of electrically small antennas uses active electronic or optical circuits
in order to reduce the lower frequency limit of the proportional-mode bandwidth. In the
case of dipoles, the circuit should have a very high input impedance. This has been achieved
by using commercially available high-impedance oscilloscope probes, FET source followers
or electro-optical modulators [8, 45]. Thansandote et. ul. reported a 5.6 cm diameter
spherical antenna with a 3dB bandwidth from 60 Hz to 140 MHz and a sensitivity of 0.4
mV/(Vm~1) [46]. In the case of loops, one needs an active circuit with a very low input
impedance. This was achieved using a combination of a ferrite impedance transformer and
a current follower circuit. Stuchly et. al. reported a loop antenna with a 3-dB bandwidth

from 5 kHz to 100 MHz and a sensitivity better than 1 mV/(Am~1) [9}.

2.2 Antenna Transient Analysis

Theoretical analvsis of antenna transients has been an interesting subject for more than
two decades. This section summarizes some mathematical tools available for this task and
their application to some specific antenna problems.

At present, analytical time-domain solutions are available only for a very few antenna
problems. Few more antenna problems have analytical solutions only in the frequency
domain, allowing numerical (Fourier inverse) transformation to the time domain. The vast
majority of antenna geometries does not have analytical solutions. They are usually treated
in one of the following three ways: (1) Numerical analysis in the frequency domain followed
by numerical inverse Fourier transformation to the time domain, (2) Numerical analysis
directly in the time domain, (3) Numerical analysis in the complex-frequency domain using

the singularity expansion method (SEM) followed by inverse Laplace transformation to the

time domain.

2.2.1 Analytical Solutions

It is widely accepted that an analytical solution provides physical insight and therefore is

more valuable than a numerical solution. It is equally true that most problems in nature
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(and their mathematical models) are so complicated that analytical solutions are almost
impossible without many simplifications. Transient antenna analysis is no exception. For
the sake of understanding the transient behavior of some basic antennas, many approximate
investigations have been reported in the literature,

The transient response of a perfectly conducting straight dipole is characterized by
two processes: (1) Propagation of a current pulse along the dipole, (2) Reflection of the
current pulse at the driving point and at the two ends. Accurate numerical solutions
and experimental results suggest that tha current pulse undergoes both attenuation (drop
of peak value) and dispersion (increase of pulse width) during the propagation along the
dipole. In an approximate analysis, however, both of these effects are usually neglected.
In other words, all frequency components are assumed to be propagating with the same
velocity without any attenuation, as in a lossless transmission line.

King and Schmitt investigated the transient response of the straight dipole antenna,
analytically [47]. Approximate expressions were derived for the reflection coefficient at the
driving point and the radiated el:ctromagnetic field. Many investigators either assumed a
perfect reflection of the current pulse at the ends, or used an experimentally determined
approximate reflection coefficient [48, 49]. Franceschetti and Papas analyzed the transient
response of several radiating elements {50]. Using the analogy between a straight dipole
and an open-ended lossless transmission line, they derived an approximate expression for
the impulse response of the dipole.

Attempts have been made to account for the attenuation of the current pulse during
propagation. The attenuation function was determined experimentally. This technique
gave good results when applied to the thombic wire antenna [51, 52]. The transmission line
concept has been extended for the analysis of coupled straight dipoles and V-dipoles [53, 54].

Recently, Chen analyzed the ideal travelling wave antenna [55]). Expressions for the
electromagnetic field at an arbitrary point were derived by inverse transforming frequency-
domain expressions. Similar expressions were derived, directly in the time domain, by
Zhan and Qin [56]. Fang and Wenbing also derived somewhat different expressions for the

electromagnetic field from a travelling wave antenna [57]. They also considered the effect
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of the first reflection {from the open end.

Ross analyzed the pulse-receiving response of the straight dipole [58]. The large-current
radiator was analyzed in time-domain, assuming a uniform current distribution on the
radiating sheet [59, 60, 61].

Rigorous analytical solutions were obtained for the infinite perfectly conducting straight
dipole, excited by a unit step voltage pulse [62)-[66]. Franceschetti derived expressions for
the time-domain electromagnetic field from a spherical antenna [67]. Early time response

of the spherical antenna was also investigated by Kotulski [68].

2.2.2 Numerical Solutions

The process of numerically solving a general antenna or scattering problem, in the frequency
domain, normally involves two steps: (1) formulation of an integral equation, (2) solving the
integral equation. The widely used integral equations are: the electric field integral equation
(EFIE), the magnetic field integral equation (MFIE) and the hybrid field integral equation
(HFIE). The EFIE is commonly used for thin wire structures. The integral equation is
solved using the method of moments (MOM). This procedure is very well documented in
the literature [69, 70].

Time-domain versions of the EFIE and MFIE can be derived from Maxwell’s time-
domain equations [71]. They can also be found by inverse transforming the corresponding
frequency-domain equations [69]. As in the case of its frequency-domain counterpart, the
time-domain MFIE is more suitable for smooth three dimensional surfaces. The kernel of the
MFIE is less singular and therefore its numerical representation requires less sophisticated
expansion functions. On the other hand, thin-wire and thin-sheet structures and bodies
with edges are invariably treated with the EFIE, due to the instability of the MFIE when
applied to such problems.

Some basic antennas such as dipoles and loops are essentially thin-wire structures. Even
surface antennas can be conveniently approximated using thin-wire grids. Due to these
reasons and the obvious simplicity (when compared with the surface antenna analysis), thin-

wire antenna analysis plays a major role in the literature. The common assumptions made
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in the thin-wire analysis are: (1) current is parallel to the axis; (2) current is concentrated
at the axis as a filament. These assumptions are valid only if the wire radius is sufficiently
shorter than the pulse width and the wire length. The unknown current is then a scalar
function of only cne variable: the distance along the wire axis.

Several different EFIEs specialized for thin-wire structures have been reported. One
equation derived by Auckenthaler and Bennet does not involve time or spatial derivatives
with respect to source coordinates [72]. Miller et. al. described an integral equation which is
valid for both straight and curved wires [73]-[76]. All the derivatives in this integral equation
are evaluated with respect to source coordinates. Poggio also reported an alternate equation
which reduced to a derivative-free form when applied to straight wires [77, 78, 79).

The development of MOM time-stepping algorithms to solve time-domain integral equa-
tions is well explained in the literature [73]. Alternatively, the conjugate gradient method
(CGM) can be used to solve these integral equations [80, 81]. In CGM, the solution is al-
lowed to converge to a specific level at each time step, by iteration. Hence, a more accurate
solution can be expected, with a small additional computing overhead.

The singularity expansion method (SEM) has been used for the analysis of antennas and
scatterers in the complex-frequency (s) domain [82]-[86). The solution obtained by SEM
in the s-domain is often simple enough to allow direct transformation to the time domain.
In the SEM, the unknown response is expanded in terms of known natural modes of the
system. It can be shown that the response of a finite-size perfectly conducting object in
free space can be expressed as [84]

J(Z,3) = g; %’-g(j{—% + W(Z,s) (7)

where 3, is a natural frequency (pole) of order m,, v4(Z) is the corresponding natural
mode, 7,(s) is the corresponding coupling coefficient and W (Z,s) is an entire function to
be added for campleteness. The natural frequencies are the values of s for which the system
can have a response even without an excitation. The corresponding response is a natural

mode,

Some simple geometries allow analytical determination of natural frequencies and modes,
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at least approximately. For more complicated geometries common to antennas and scatter-
ers, these can be found numerically, by solving an eigenvalue problem. Since both natural
{requencies and natural modes are related to the source-free problem, they are independent
of the excitation. Only the coupling coefficients and the entire function depend on the
excitation.

The SEM is efficient in computing the late-time response of antennas and scatterers.

Direct time domain techniques are more suitable for the calculation of early-time response.



Chapter 3

THE CIRCULAR LOOP

3.1 Introduction

The perfectly conducting loop has been considered as one of the fundamental antennas.
For decades, it has been widely used in UHF receivers and magnetic-field sensors. The
theoretical analysis of the loop antenna also has a long history. The thin-wire loop of
the circular shape was theoretically attractive, mainly because this geometry leads to an
analytical solution for the antenna problem. Wu analyzed the perfectly conducting circular
loop antenna excited by a delta-function (in space) time-harmonic voltage source using the
Fourier Series Expansion Method, and obtained closed-form expressions for the loop current
and input admittance [87]. King and Prasad simplified these expressions for electrically
small loops (88]. They also derived expressions for the electromagnetic field radiated by
electrically small circular loops.

In many conventional applications, loop antennas are operated either at resonance or
below resonance and they usually have terminations between 50 Q and 300 Q. This mode
of operation is inherently narrowband for two reasons: the resonance of the loop and the
finite resistance of the termination. It has beer known that by decreasing the terminal
resistance, it is possible to increase the receiving bandwidth of the loop antenna. However,

this concept was not exploited until receatly [9]. Even loops with such ‘light’ terminations

20
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are subjected to natural resonance at higher {requencies, and therefore their use is limited
to the frequencies where the loop is electrically small.

It can be expected that a distributed resistance applied to the loop would dampen
the resonance and therefore extend the receiving bandwidth to higher frequencies. Circu-
lar loops loaded with a distributed resistance, or more generally a distributed impedance,
have been analyzed by several investigators. Blackburn and Wilton used the Singular-
ity Expansion Method for the analysis of the loop antenna with a uniformly distributed
impedance [89]. Although they did not attempt to calculate the receiving characteristics or
the bandwidth of the antenna, their approach explained the behavior of the system poles
when the distributed load is varied. Kanda approximated the distributed resistance by a
series of lumped loads and combined the theories of the perfectly conducting antenna and
multi-port networks to calculate the receiving characteristics of the uniformly-loaded loop
antenna [90, 91]. Alternatively, the loop antenna with a distributed load can be analyzed
using a numerical method such as the Method of Moments {92]. In this chapter, a closed-
form analytical solution is obtained for the thin-wire circular loop antenna with a uniformly
distributed impedance {93, 94].

The integral equation for the current in a uniformly-loaded loop is derived in the next
section. In Section 3.3, the analytical solution of the integral equation is obtained using the
Fourier Series Expansion Method. An equivalent circuit is developed for the loaded loop
antenna. Numerical results describing the frequency- and time-domain receiving character-
istics of the loop antenna, obtained from a new Fortran code called LLOOP, are presented
in Section 3.4. Some results obtained from the LLOOP code are compared with the results
obtained from the Numerical Electromagnetic Code (NEC) [95]). The chapter is completed

with a brief discussion in Section 3.5.

3.2 The Integral Equation

Consider the circular loop shown in Figure 2. The wire radius is denoted by a and the loop
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Figure 2: Geometry of the circular loop antenna.
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radius is denoted by b. Assume that the loop is physically and electrically thin, i.e.,

a<h (8)
and
ka €1 (9)

where k is the free-space propagation constant. The loop current at the position ¢ = ¢’
is, say, I(¢"). The electromagnetic field produced by the loop current, commonly known
as the scattered field, can be determined using the scalar electric potential ¥, and vector

magnetic potential A4, as follows, Since the scattered electric tield is given by
E* = —V¥ — jwa, (10)
the component of the scattered electric field tangential to the loop surface, E3, is found as
8= ‘Ea—qb'—jw/’tqs- (11)

It has been shown that in the case of the circular loop, ¥ and Ay are related to the loop

current by the expressions [88):

1 * 9I(¢') ,
v —41rbjwe - OF W(¢ -¢ )dqs’ (12)
4 = o [ I@W(S - ¢)cos(p - &)ds’ (13)

where the kernel W(a) may be approximated by

W)= 2 [
@=5 [ = (14)
with

r = 21/a?sin?(8/2) + b2 sin?(a/2). (15)

Substitution of these expressions into (11) results in the following expression for E3:

:__i i _ Nt
By=-i | L= 4)(#)ds (16)



THE CIRCULAR LOOP 24

where the new kernel is given by
eIk

2 '1r
L8~ 8) = Wbeos(s - )+ magzlp= | 7 (17)

- T
and £ is the intrinsic impedance of free space.

Since the wire is electrically thin, one can assume that at a given cross section the loop
current is uniformly distributed over the wire periphery. Therefore, the current density at
¢ is given by

1=, (18)

Let the surface impedance of the wire be constant along the length and equal to Z,. This
surface impedance may be due to the skin effect in the case of a loop with good conductivity
or it may be due to the thin resistive coating in the case of a resistively loaded loop.
The tangential component of the total electric field is then related to the current density

according to

EL(¢) = Z,T(¢)- (19)
Substituting J(¢) from (18), one obtains
Zy
Ey($) = 5 1() (20)

We may now define the internal impedance of the wire as

Z,
Zi= %2a (21)
and the total distributed impedance as
Zr = 2xbZ; (22)

and hence obtain the following expressions for the total field:

Ei(9) = Zl(9) (23)
Z
= E;?%I(‘f’)' (24)

The total electric field is the sum of the scattered and applied fields:

E4(9) = Ey(9) + E}(¢) (25)
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where Eg(d:) is the component of the applied electric field tangential to the wire surface. The
applied field may be due to sources connected to the antenna terminals or electromagnetic
fields incident on the antenna. To be more general, assume that a zero-impedance source
with voltage V, is connected to the terminals located at ¢ = 0 and at the same time, the
antenna is also excited by an incident electromagnetic field. Let the incident field have

a tangential electric field of E‘i(qﬁ). The tangential electric field produced by the Dirac

function voltage source can be expressed as

Ey(¢) = 228 (26)

and therefore
E}(9) = 24(9) + E}(9). (21)

Combining expressions (16),(24),(25) and (27), one finally obtains the following frequency-

domain integral equation for the impedance-loaded circular loop antenna:

V,6(¢) + bEy(4) =
J [T ! gty 2T
| L= d)(¢)dd + S1(9) (28)

This is clearly a generalization of the integral equations published previously [87, 89].

3.3 'The Analytical Solution

The integral equation for the uniformly loaded circular loop antenna (28) can be solved,
analytically, by extending the Fourier Series Expansion Method (FSEM) used in [88). First,
the kernel is expanded in a Fourier series:
i . !
Lig-¢)= ), ane™=9) (29)
Nn==-00

where the Fourier coefficients e, are given by

_i T ing
tn=o- [ Lig)einédp. (30)

-r
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The source field and the incident field terms are also expanded as

V, &2 _‘n¢
V:l6(¢)=2_£ Z e~ ]

n==d

WD) =E; 3 faeT

n==00

where

-

e M
" 2rE} ¢
and E} is the electric field at the center of the loop.

Finally, the unknown current is expanded in a Fourier series as

I(¢) = i Ie~"®,

n=—od

26

(1)

(32)

(33)

(34)

At this point, the similarity between the FSEM and the Method of Moments (MOM) is
apparent. The only difference between the MOM and the FSEM is that, in the latter, not

only the unknown response function but also the kernel and the known excitation functions

are expanded using complex exponentials.

Consider the integrand in (28). Substituting for L(¢ — ¢') and I(¢) from (29) and (34),

respectively, and exploiting the orthogonal property of complex exponential functions, i.e.

2r, m=n

[e®.e~")dg =
- 0, m#mn

one can simplify this term as follows:

[ ue- e

m . ’ m )
= [ Z ame-Jm(qb—-é)][ Z Ine'1"¢'1d¢'

=7 m==—-co n==—00

m m k3 w - i »
= 3 Y apeimép, f [em¢' e=int'|gy
-

MIE=00 =00
m .
= 2r ) aplpe™ ™

. m=—co

(35)

(36)
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Expressions (31},(32),(34) and (36) are now substituted in the integral equation (28). The

results is

Z e‘-’"""-}-bE' Z fme=im®

m_—oo ME=00

(=]
B Y anbaeimt 2L S5 p emime, (37)

m=—co T m=-oo
Finally, this is multiplied by e/*® and integrated over the range of ¢ from —= to r. This is
equivalent to the ‘testing’ in the MOM. Due to the orthogonal property given in (35), it is
now possible to obtain the following analytical solution for I,:
Ve + 2rbfu Bl

Zr + jméan

Substitution of this expression for I, into (34) yields the solution for the loop current I{4).

In= (38)

In terms of the MOM, the particular expansion and testing used leads to a diagonal
‘impedance matrix’ of infinite order. Because of this diagonality, analytical inversion of the
matrix, and therefore the analytical solution for the unknown, was possible.

When the loop antenna is transmitting, E} = 0. The input admittance of the antenna

is therefore given by

I(¢ 0 _
E Zr-i-.vvrfan (39)

In the receiving mode, V, = 0. Assuming that the receiving antenna is terminated with a

zero impedance load, the terminal current (usually known as the short circuit current) is
found from (34) and (38) as

&, 2xbf,E}
Isc:I(¢=0)= —_—
,,=z..:°° Zr + jnéan

(40)
In the general receiving case where the terminal load is not zero but a finite impedance Z,

the terminal current can be found using the Norton equivalent theorem, as

ISC

Ly 4D

At this point, it is necessary to define 2 parameter to represent the frequency-domain

receiving characteristics of the antenna. A dimensionless parameter is more convenient when
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the antenna is scaled. The normalized receiving transfer function R of the loop antenra is

tharefore defined as
_ 1€
R= 2bEL”

The magnitude of R defines the “sensitivity” of the loop antenna for incident steady-state

(42)

clectromagnetic fields whereas its argument represents the phase delay. The normalized
receiving transfer function of the impedance-loaded loop antenna is obtained by combining

expressions (39)-(42) as,

Y. (%€f2)/(Zr + jnéan)
R= "3 : (43)
1+ Y Zi/(Zr + jxéan)

n=—oco

The solution for the loop current and the expression for the transfer function derived
above are valid for an arbitrary incident field as long as it is in steady state. Consider the
case where the incident field is an uniform plane wave (UPW). The UPW is incident in the
(0, ¢,) direction, as shown in Figure 2, and the electric field has a polarization angle of .

The component of the incident electric field tangential to the loop, at ¢, is found as [90]
Ei(¢) = Ei[cos ¥ cos(¢ — o) + sin P sin(¢p — b, ) cos 8] eIFbcosl$—so)siné (44)

‘The Fourier coefficients associated with the UPW can be obtained by 'substituting the above

expression into (33). With the use of the Bessel function identities {96]:

fo " gizemd cos nfdf = 2w Jn(z) (45)
j ¥ gimcons sinnfdf = 0 (46)
hr(z) = da(e) = 201(a) (47
Iet@) +da(@) = Zdo(z) (48)

one obtains the following expression for f,:

nJn(kbsin 8)

J= 5" cosp e (kbsin8) + 57 sin  con f eF™a T
kbsin 8

(49)
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where
Ju(x) = d[Jn(3)]/d=
and Jy,(z) is the Bessel function of first kind.

A lengthy discussion of the coefficients a, is available in the literature [88]. This has led
to a considerable simplification of the expression (30). This procedure is briefly examined

below, A new coefficient ¥, is defined as

-x e)n(e)e-gkr
“ = 41['2 j-:-rj o df. (50)

It can be shown that the two coefficients a,, and N, are related by
kb n?
Ay = Qg = ?(Nn*.l + Nﬂ—l) - EN,‘- (51)
Assuming that b > a, ke € 1l and n 3 (b/d), the expression for N, can be simplified to

the following, more convenient, forms {88]:

kb
No = 2u(®) -1 [Tane) + idofalde (52)
n-—1
No=N_p = %[Io( )Ko( 7 ) +In(4n) +v - 22 2m+1
_% [ " 1Q2a(2) + jdan(2)ldz, 7 #0 (53)

where Q,(z) is the Lommel-Weber function defined as

Qn(z) = ;1; _[o " sin(z sin 8 — nB)dB, (54)

I.(z) is the modified Bessel function of first kind, K,(z) is the modified Bessel furction of
second kind and 7 is the FEuler’s constant, which is approximately 0.54772.

3.3.1 The Equivalent Circuit

A receiving-mode equivalent circuit for the impedance-loaded circular loop antenna is de-
veloped in this section, using the results of the theoretical analysis reported in the previous
section. The receiving loop antenna can indeed be represented by the simple Norton equiv-

alent circuit shown in Figure 3(a). The antenna admittance Y and the current source J,.
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Figure 3: Development of equivalent circuits for the loaded loop antenna in receiving mode.
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can be determined using the expressions (39) and (40), respectively. Nonetheless, these
axpressions are fairly complicated and therefore don’t provide much physical insight. In-
terestingly, the curreni source can be decomposed into infinite number of modal current
sources, all connected in parallel. The m** modal current, which is in fact the contribution
to the short-circuit current from the m** and —mt* Fourier components of the electric field
%y is given by
2rbg, E}
Im =

= Zr + jréan (35)

where

+ f- , m#0
fo y m=90.
The admittance can also be decomposed similarly, resulting an infinite number of modal

admittances connected in parallel. The m*? modal admittance is given by

8
Y = m——— 7
™7 2r + jnéan (57)
where
2, 0
b = ™ # (58)
1, m=0.

The decomposed Norton Equivalent circuit takes the form shown in Figure 3(b). Let us
now combine the m!* modal current with the m** modal admittance and then replace it
with the equivalent Thévenin circuit. This results in a single branch with a voltage source
and an impedance connected in series, as shown in Figure 3(c). This branch conveniently
represents the total effect of the m** Fourier mode. The modal voltage source Vi, and the
modal impedance Z;, are given by the following much simpler expressions:
_In 2rbgm B}
Y bm
= wb(fm + f-m)E} (59)

y _ 1 Zr + jréan,
Z, = 7 _-671': . (60)
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The complete equivalent circuit of the receiving loop antenna can be obtained by combining

all the branches as shown in Figure 3(d) where

2y = iy (61)
bm

Substitution of (33) in (59) leads to the following alternate expression for Vi:
x -
Vi =b / i(8) cos mdep, (62)

The operation of the impedance-loaded circular loop as a receiving antenna can be
understood with the aid of the equivalent circuit. Each Fourier mode of the incident electric
field, more precisely the tangential component of the incident electric field (E;), develops a
voltage according to (62). This voltage drives the corresponding modal current I,,. When
the antenna terminals are short-circuited, i.e. Zy, = 0, the modal currents are independent
of each other and are determined by only two impedances- the antenna’s inherent unloaded
modal impedance Z,, and the distributed load impedance Zr. It should be noted that the
effect of the distributed load is the same for all modes except m = (. When the terminal
impedance is finite, all the modal currents are coupled through Z; and therefore each of
them is determined by all the modal impedances.

The frequency dependence of the impedance Z,, is determined by that of the Fourier co-
efficient am. The graphs of 1/a,, 1/a1 and 1/a; versus kb are available in the literature [88).
It was found that in the case of electrically small loops (kb < 1), all coefficients except a,
are extremely large, and @, is primarily real. Therefore, according to (61), all impedances
but Z, are extremely large and Z, is primarily reactive. As a result, all the branches except
the m = 0 branch in the equivalent circuit are practically open-circuited by the large modal
impedances. The only significant current in an electrically small loop is the 0%* order modal

current given by
_ Vo

Zo+ Zr+ 7L
Interestingly, the effect of the distributed load Z7 and the effect of the terminal load Zr,on

L (63)

the loop current, seem identical in the case of small loops. In other words, the distributed

load is effectively lumped in series with the terminal load. For small loops, the expression
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for Z, can be further simplified using the low-frequency asymptotic expression for a, [97).

It was found that in the case of small loops,
Z, = jwL (64)
where L is the self inductance of the loop approximately given by
L = pb(In 8?& -2). (65)

Hence we obtain the simplified equivalent circuit for electrically small loop antennas, de-
scribed in Chapter 2.
The sole driving force in an electrically small loop is the modal voltage V,. Using (62)

and Faraday’s Law of Induction, it is possible to derive the following alternate expression
for V,:

V. = o[ Eys)s

il

fA jwpHn(s)ds (66)

where the surface integration is carried out over the loop area and H,(s) is the magnetic
field orthogonal to the plane of the loop. When the loop is small, the magnetic field may

be assumed uniform over the loop area. Then, (66) reduces to
V, = jwprh®H, (67)

where H,, is the constant orthogonal magnetic field. The loop antenna hence becomes a
“magnetic field sensor” when it is electrically small, producing a response that is directly
proportional to the orthogonal magnetic field. This is known as the “magnetic response”
of the loop antenna. In the special cate where the electromagnetic field does not have an
orthogonal magnetic field, ¥, = 0 and therefore the magnetic response disappears. Yet a
small loop may produce a finite but very weak response due to higher order modal voltages.
Such a response is sometimes referred to as the “electrical response” of the loop antenna

even though these terms are somewhat misleading,
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3.4 Numerical Results

3.4.1 Code Description

Numerical results presented in the next section were obtained using the LLOOP Fortran

code listed in Appendix B. The code uses the following notation:

BBYA =b/a PHIO =@,
Zl = Zy, ZT =27
SC =R YC =Y¢
KB = kb Pl =7

NC(N) =N, AC(N) =a,

WINT(N) = [2* Q,(2)dz
BINT(N) = [2* Jpn(z)dx

LIMIT is the number of terms calculated in the series in expressions (39), (40) and (43). ISC

is the normalized short circuit current defined as

_ ek
ISC = BEE

The subroutine INT is used to evaluate WINT(N) and BINT(N). Coefficients N, are cal-

culated according to (52) and (53). I,(ra/b) and K,(ne/b) are evaluated using the IMSL

functions MMBSI0 and MMBSKG {98]. The expression (51) is used to calculate ay.
Substituting ¢! = 90° and % = 0° in (49) and using the Bessel identity [96]

2J3(2) = Jnca(2) = Jasa(a), (68)
one obtains the following expression for f,:

fo = §7leino ! (kb)
= %e""‘“”"’e"""“[a*n-l(kb)—Jnﬂ(kb)]. (69)

Using the identity [96] |
J-n(z) = (=1)"Ju(2) (70)
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it can be shown that
1 .. _ /2 —in -
fon = el Reminee g (kb) = Jnia (kD). (71)

Noting that a_,, = a,, and using (40), the following expression for ISC can be derived:

_ Lt
ISC = EBE;
- anf
B “,._2_°° Zr + jm€an
o o =ifo  FINETN iUt fon)
ao + (Zr/j=§) = en+{(27/i7€)
- LC(0) LIMIT-1  LC(n) (12)
T ao+ (Zr/[imE) = aa+(27/jm€)
where
LC(0) = —j fo = J1(kb) (73)
and

LC(n) = _j(fn + f—n) = _ejmrﬂ cos n¢o[J -l(kb) = Jn-l-l(kb)]: n 7& 0. (74)

LC(N) is calculated according to above expressions. The IMSL subroutine MMBSJN is used
to evaluate J,(kb). The normalized admittance Y'¢ is calculated according to (39). ISC is

calculated according to (72). Finally, the normalized receiving transfer function is evaluated

according to

ISC
S = FLYOmn T 1 (75)

The value of kb is increased in steps of KBSTEP. The subroutine INTAZ is used to integrate
Q2n(2) and J2n(z) from z =(KB-KBSTEP) to z =KB where KB is the next value of kb.
These contributions are added to WINT(N) and BINT(N) vectors.

The subroutine INT evaluates 7 Qa,(2)dz and [7 Jon(2z)dz using the trapezoidal rule.
Values of Qzn(z) are obtained by calling the subroutine WEB2NX. Ja,(z) is assumed to
be zero if 2n > 10 and z < 1.0; otherwise it is evaluated by calling the IMSL subroutine
MMBSJN. Similarly, the subroutine INTAZ evaluates 7 Qa,(2z)dz and [ Jon(z)dz for a # 0.
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Consider the function E,(z) defined as

En(z) = % f " sin(nf — z sin 8)dB. (76)

a

When = is an even integer, it can be expanded as [99]

(1) (a/2)mH

En(z) = —(-1)*? mz=:° T(m - n/2+ 3/2)[(m + /2 + 3/2)’ (77)
Comparing (76) with the definition of Q,(z) in (54), we find that
Qon(z) = —Ezu(z)
- " e (=1)"(z/2)Pm+
= Er(m—n+3/2)r(m+n+3/2)‘ (78)

WEB2NX subroutine calculates Q2,(z) according to this expression, The IMSL function
GAMMA calculates the Gamma function for positive arguments. When the argument is
negative, the following property is exploited [96):

Tz

rl-2z)= TAfo)smrs (79)
Substituting 2 = 1 — z where z < 0, one obtains
I(e) = gy 2) (80)

I(2 - z)sin[r(1 — z)]

This is used in GAMMAA to calculate Gamma function for negative arguments.

3.4.2 Frequency-Domain Results
Input Admittance

The LLOOP Fortran code has been used to calculate the frequency-domain parameters of
resistively loaded loop antennas. The input conductance G and susceptance B have been
calculated for loops with radii ratio (b/a) of 23.6 (equivalent to a thickness parameter § =
2In(27rb/a) of 10.0). These results are illustrated in Figure 4 and Figure 5, in normalized
form, for various values of the distributed resistance.

Resonance in unloaded and lightly loaded loops gives rise to rapidly changing conduc-

tance and susceptance curves, as seen in Figure 4 and Figure 5. The 1000 € loop, on the
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Figure 4: Normalized input conductance of the resistively loaded loop antenna versus nor-
malized frequency. b/a = 23.6, Zr = distributed resistance.
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Figure 5: Normalized input susceptance of the resistively loaded loop antenna versus nor-
malized frequency. b/a = 23.6, Zr = distributed resistance,
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other hand, exhibits a nearly smooth variation. The conductance approaches 1/Z7 as the
frequency approaches zero except for the unloaded case where it approaches zero. This
behavior can also be predicted using the low-frequency equivalent circuit of the loaded loop
antenna. It should be noted that the input admittance (or impedance) of any lossy loop
is determined by the loss resistance at very low frequencies whereas that of a perfectly
conducting loop is determined by the loop inductance.

The susceptance of the unloaded loop varies according to 1/ f at low frequencies, again
due to its dominant reactive nature, while the susceptance of loaded loops vanishes as
frequency approaches zero. As expected, lightly loaded loops have negative susceptances
and therefore are inductive at low frequencies. It is interesting to see that heavily loaded
loops are capacitive even at very low frequencies. This exceptional behavior cannot be
explained using the conventional low frequency equivalent circuit that neglects all Z,s
except Z,. To understand this capacitive effect, we should take into account both m =0
and m = 1 branches in the general equivalent circuit in Figure 3(d), even at low frequencies.
It has been shown that the impedance Z; represents a capacitance C when kb < 1 where

C is approximately given by [97]

2¢b
C=——01! 81
n&_2 (81)
In the case of heavily loaded loops, the electric energy stored in this capacitance exceeds the

magnetic energy stored in the loop inductance [expression (65)], making the loop capacitive.

Directional Properties

Consider an unloaded loop antenna excited by a horizontally polarized (¥ = 0°) incident
wave propagating along the plane of the loop (8 = 90°). The b/a ratio of the loop is 23.6
and the loop antenna is terminated with a 50 Q load. ~iue normalized receiving transfer
function magnitude |R{w)| of this antenna is plotted against normalized frequency kb in
Figure 6 for several directions of the incident wave (¢,). It can be seen that for all but one
(¢, = 180°) directions of the incident wave, |R(w)| changes very rapidly with frequency.

The curve for ¢, = 180° has a pronounced peak close to kb = 1 but it becomes smoother
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Figure 6: Receiving transfer function versus frequency for different directions of the incident
wave. Z7 = 0Q, Z;, = 5002, b/a = 23.6, & = 90° and ¥ = 0°.
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at higher frequencies.

When the same loop is loaded with a distributed resistance of 3000, { R(w)| curves take
the form shown in Figure 7. Again, the best frequency response is produced by the waves
incident in ¢, = 180 direction. Based on these results, it is assumed that the orientation

of the loop that provides the maximum bandwidth is 8 = 90°, ¢, = 180°.

Effect of the Distributed Load

Figure 8 and Figure 9 illustrate the effect of the distributed resistance on the receiving
transfer function magnitude | R(w)| and phase ARG[R(w)), respectively. A 50  termination
has been assumed. The loop has a radii ratio (b/a) of 23.6 and the incident wave is such
that 6 = 90°,¢, = 180°,¢ = (°.

It can be seen that a fairly flat transfer function (magnitude) can be obtained by properly
loading the loop. Overloading will result a considerable loss of sensitivity. A distributed re-
sistance in the range from 300 {2 to 1 k) should be sufficient for most practical applications.
It should be noted that these resistively loaded loops are not sensitive at low frequencies,

usually below kb = 0.5. The phase curves of the loaded loops are fairly linear except at low

frequencies.

Effect of the Terminal Load

It was seen that the resonance in a loop antenna can be very much suppressed by applying a
proper distributed load, resulting in a flat receiving :esponse. It is interesting to see whether
the same result can be obtained using different terminal loads rather than distributed loads.
Figures 10 and 11 show the transfer function magnitude and phase curves, respectively,
for an unloaded loop terminated with different resistances. Obviously, the results are not
very encouraging. The most uniform magnitude curve is obtained with terminations close
to 300 Q. Comparing this with the results in Figure 8 shows that the loop with 300 Q
distributed resistance has not only a more uniform frequency response but also a better
overall sensitivity. In Figure 10, an interesting behavior is observed approximately at kb =

0.5. At this frequency, input reactance is zero whereas the input resistance is equal to the
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Figure 7: Receiving transfer function versus frequency for different directions of the incident
wave. 21 = 3009, Zr, = 5092, b/a = 23.6, 8 = 90° and ¥ = 0°.



THE CIRCULAR LOOP 4

0
N
T Zr=%500
- ¢ , = 180"
Q i ZT =00
« 50 0
300 Q
1000 Q
n_
g J
: —\/—\—_
Ty
O —
Q
© ! v ' v | ! e v | ' ' ’ i | ' ' v Y
0.0 1.0 2.0 . 3.0 4.0
kb

Figure 8: Effect of the distributed resistance on the frequency response of the loop antenna.
Zy = 509, bfa = 23.6, 8 = 90°, ¢ = 0° and ¢, = 180°.
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Figure 9: Effect of the distributed resistance on the phase response of the loop antenna.
2y, =501, bfa = 23.6, 8 = 90°, ¥ = 0° and ¢, = 180°.
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Figure 10: Effect of the terminal resistance on the frequency response of unloaded loops.
Zr = 0Q, bfa = 23.6, 8 = 90°, ¢ = 0° and ¢, = 180°.
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Figure 11: Effect of the terminal resistance on the phase response of unloaded loops. Zg =
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fairly high radiation resistance. Therefore, with moderate terminations (Z < 1kf), the
loop acts as an ideal current source and delivers a terminal current almost independent
of the terminal resistance. As seen in Figure 11, the phase of R(w) is independent of the

terminal resistance at all frequencies where the input impedance is purely resistive.

Time Delay in Reception

According to the definition of R in (42), the phase of R is the difference between the phase

of It and that of Ei. Let us now define the time delay associated with the receiving process

as
= ARG[E(w)] - ARG[I1(w)]

w

(82)
where E} is the incident electric field at the antenna terminals. Assuming that the wave is

incident from & = 90°,¢, = 180° direction, the above expression can be simplified to

g = =R 2 (83)

The time delay has been calculated for 300 € and 1 k2 loops. Each antenna has a b/a of
23.6 and is terminated with a 50  resistive load. The results are illustrated in Figure 12,
Even though these antennas have approximately linear phase curves at higher frequencies,
it can be seen that the time delay experienced by each spectral component is frequency
dependent and therefore the antennas are dispersive. Good time-domain performance can-
not be expected from such dispersive antennas because this dispersion eventually causes
distortion of the output waveform.

It should be stressed here that the flat magnitude curve and linear phase curve are
necessary but not sufficient for good time-domain performance. For that, the system should
also have a frequency-independent time delay (or advance). In other words, the linear part

of the phase curve should be represented by an equation of the form
ARG[R(f)] = af +nx : (84)

where n is an integer and « is a constant, Unfortunately, the phase curves of the resistively

loaded loops, shown in Figure 9, have a different form. If a straight line is fitted to the
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Figure 12: Normalized time delay versus normalized frequency. Z; = 509, b/a = 23.6,
6 =90°, ¥ = 0° and ¢, = 180°.
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approximately linear section (i.e. kb > 1) of these curves, an intercept of approximately
240 degrees (4x/3 radians) is found. This undesirable phase shift leads to the dispersion
of the antenna. The loop antenna dispersion may be corrected by connecting a frequency-
independent —240° phase shifter to the terminals. Unfortunately, such broadband phase

shifters are not feasible,

Comparison with NEC

For comparison, the receiving transfer function of several resistively loaded loop antennas
were also calculated using the NEC [95]. A loop with b/a of 23.6 was approximated by a
regular polygon with 20 sides and was divided into 60 segments. The results for loops with
distributed resistances of 300 2 and 1 k{2, obtained from the NEC, are shown in Figure 13.
Results obtained from the LLOOP code (shown in Figure 8 before) are also shown. A
terminal resistance of 50 2 was assumed in all cases. Despite the polygon approximation,

a good agreement between the two results can be seen.

3.4.3 Time-Domain Results

The time-domain response of various resistively loaded loop antennas for various incident
electromagnetic pulses were calculated using the LLOOP code and a 1024-point Fast Fourier
Transform (FFT) algorithm. Some of the results obtained for the 300 Q loop with 50
termination are shown in Figure 14 and Figure 15. In both cases, the direction and
polarization of the incident pulses are given by & = 90°, ¥ = 0° and ¢, = 180° and the loop
has b/a of 100. The normalized time and terminal current plotted in the figures are defined

as
v = o (85)

and
inw(t) = L. (36)

In Figure 14, the incident electric field pulse has a Gaussian waveform given by

ein(t) = e~/ (87)
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Figure 13: Comparison of results from LLOOP and NEC. Solid line- NEC results for 1 kQ

loop; dash line- LLOOP results for 1 kS loop; broken line- NEC results for 300 Q loop;

dotted line- LLOOP results for 300 Q loop; Z; = 509, b/e = 23.6, 8 = 90°, ¥ = 0° and
e = 180°.
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with differentiated-Gaussian waveform. Zr = 3009, Z;, = 509, b/a = 100, § = 90°, 3 = 0°
and ¢, = 180°.
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where T = wbf(5¢). It can be seen that the output waveform is heavily distorted. In fact,
this waveform distortion should be due to both the dispersion and the low-frequency cut-off
of the loop antenna. In Figure 15, the incideiut pulse has a differentiated-Gaussian bipolar
waveform given by

e(t) = —(2t/r) e~ W7, (88)

The output seems to be a distorted (unbalanced) bipolar pulse followed by many weaker
negative pulses, each delayed by the antenna transit time 2xb/c. Since the incident pulse
has a negligible amount of spectral energy at frequencies below kb = 1, the low-frequency
cut-off of the loop antenna should not produce much distortion in this case. Therefore this

distortion is almost totally attributed to the dispersion of the loop antenna.

3.5 Discussion

According to the numerical results presented here, a circular loop antenna with a uniform
distrit 1ted resistance has a broad receiving bandwidth, at least for uniform plane waves
incident in & = 90°, ¢, = 180° direction. Nonetheless, the antenna is dispersive and there-
fore not suitable for the reception of electromagnetic pulses or transients. In theory, this
dispersion can be eliminated using a broadband phase shifter; but it seems not practical.
One may also consider the use of loop antennas with nonuniform resistive loads as well
as reactive loads. The Fourier Series Expansion method presented here can be modified to
analyze nonuniformly loaded circular loops. However, in that case, modal currents interact
with each other through the distributed load (besides the terminal load) and therefore an
analytical solution to the problem is not possible. One would obtain an infinite matrix
problem, which can be truncated and solved numerically. On the other hand, one can also
use standard numerical methods (such as the Method of Moments) to solve the nonuniformly
loaded loop problem. For example, the Numerical Electromagnetic Code can be used for

this purpose, without much user effort [95].



Chapter 4

THE STRAIGHT DIPOLE

4.1 Ixﬁ‘.roduction

One interesting broadband antenna is the nonreflecting dipole proposed by Wu and King [27].
Although for accurate implementation of the Wu-Kihg (WK) concept the dipole should
have a distributed resistance as well as a reactance, for all practical purposes, it can be
approximated by a resistively loaded dipole. The WK dipole and other resistively loaded
straight dipoles were analytically investigated by Sengupta and Liu [31]. Several numerical
investigations have also been done in the frequency domain {32, 33, 34]. In this chap-
ter, we analyze the unloaded straight dipole, the WK dipole and a few other resistively
loaded straight dipoles, using two different time-domain techniques [100]. Numerical re-
sults obtained from the two methods are compared. Time-domain results so obtained are
numerically transformed to the frequency domain using the Fast Fourier Transform (FFT)
technique. Frequency-domain results are compared with the results obtained from a direct
frequency-domain (MOM) analysis.

The time-domain equations describing the unloaded and resistively loaded straight thin-
wire dipoles are presented in the next section. These integral and integro-differential equa-
tions are numerically solved in Section 4.3, directly in the time domain. The time-domain

and frequency-domain results are presented in Section 4.4. Applicability of resistively loaded

54
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straight dipoles, for the reception of electromagnetic pulses and transients is discussed in

Section 4.5.

4.2 Time-Domain Equations

Several time-domain equations are available to describe the current induced in a resistively
loaded straight dipole when it is excited by a voltage source or an incident electromag-
netic fie}d. In this section, two such equations are presented- a Pockington-type integro-
differential equation and a Hallen-type integral equation. Both of these equations assume

that the dipole is electrically thin over the whole frequency spectrum.

4.2.1 The Integro-Differential Equation

Consider the electric field E'-’(P, t) at a point P in free space produced by a current element
I(5,t) and a charge element ¢(S,t) located at point S, as shown in Figure 16(a). If R, is
the vector from S to P, the electric field is given by {60)

dreE*(Pt) =
q(5,7)R, + (S, 7).R,) R,
RS cRi
B, x ([(S,r) x B] _ Ry x[{(S,r) x R,
cRS 2R3

(89)

where R, = IR.,| and T =t - R,/ec.

Let the point P be on the surface of the wire and the point S be on the axis of the wire
of a dipole, s shown in Figure 16(b). The unit vector along the wire axis is 3. It is assumed
here that the current and its associated charge are concentrated at the center of the wire,
This “thin-wire” assumption is valid as long as the wire radius is much smaller than all
the wavelengths considered. For the derivation of the integral equation for the dipole, we
need to evaluate the component of the scattered electric field tangential to the wire surface,
given by

E*(P,t) = E*(P,1).3. (90)
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Figure 16: Elemental current and charge on the straight dipole.
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The elemental current at S can be expressed as
I(8,t) = I{5,1) & (91)

Equation (89) is scalar-multiplied by 3 and hence 4reE*(P,t) is found. Then, expression
(91) is substituted for I{S,¢). Vector multiples are replaced using following equations.

-

R,3 = —-R,cosa (92)
(B, % (3 x R,)).5 = —R?sin’ (93)

where a is the angle between R, and —3. Then, the tangential electric field at the surface

of the wire produced by an elemental source on the axis of the wire is found as

4reE*(P,t) =
___Q(S:T) I(S,7) 2, a2 j'(s,‘l") 12
R cosa + BT (cos® & — sin’ @) + @R, sin* a. (94)
Substitution for sin « and cos « leads to
4TeE’(P,t) =
q(5,7)s IS, 1')(32 - 62) i(Sa "')“2 95
(s2 + a2)32 (52 + a2y - 2(s? + a?)?/2 (95)

where @ is the wire radius and s is the axial separation between S and P. The total scattered

field is obtained by integrating the field from elemental sources over the wire:

4reE®(P,t) =
f . { ELs + I(S,7)(s* - a?) i(8,7)c? }ds,
wire

(32 + a2)3/2 c(s? + a2 2(s? + a?)/2

(96)

The total tangential electric field is the sum of the tangential scattered field and the
tangential incident field, given by

E'(P,t) = E*(P,t) + E'(P,t). (97)

For a perfectly conducting dipole, E*( P,t) must be zero. When the the antenna is loaded

with a surface resistance p(P),

I(P,t)

27a

E'(P,t) = p(P) J(P,t) = p(P) (98)
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where J( P, t) is the current density. Substitution of (98) in (97) leads to
%p(P)I(P, ) = dxeE*(P,1) + 4meEV(P,1). (99)

Finally, expression (96) is substituted for 4xeE*(P,?) and the following equation for the

resistively loaded straight dipole antenna is obtained:

dxcE'(P,1) =
ZoPI(P,1)

P A A L G ks Y
wire | (82 +a2)372 (st + @22 cA(s? +a2)oiZ [ O

(100)

The charge g(5,t) is directly related to the current I(S,2) by the continuity equation.
As this relationship involves the spatial derivative of current, (100) is essentially an integro-
differential equation with only one unknown -the current. This may be compared with
the Pockington’s frequency-domain integro-differential equation. Equation (100) can be
solved for the current, directly in the time domain, as shown later. Alternatively, it can
be transformed to the frequency domain and can be solved using conventional frequency-
domain numerical methods {92]. The frequency-domain current solution car be transformed

to the time domain later, using numerical Fourier transform techniques.

4.2.2 The Integral Equation

It has been shown that the current in an unloaded or loaded straight dipole can be repre-
sented by a Hallen-type time-domain integral equation. The deriva.tiorll of this equation is
available in literature [78, 79). Let €'(z,¢) be the incident or applied electric field tangential
to the dipole. The length of the dipole is 2/ and the radius is a. The internal resistance at

a distance z from the terminals o(z) is related to the surface resistance p(z) by

_ P(2)
0’(2) = -2-;(1- (101)
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A resistive lumped load Ry, is connected to the terminals. The time-domain integral equa-

tion for the current i(z,2) in this dipole is [78]

1 x d¢' 0'(2’) N |z - zll .
./-l [./—a' 812 /(z - 2')2 +4a25in?(¢r/2) AT ] i (z 2= ) i

- 25/ (z - - I)dz R;J(o,:-%)

+ filet = 2) + falct +2) (102)

where f1(z) and fy(x) are determined during the solution process by considering the bound-

ary conditions

i(-Lt)=1i(l,t)=0. (103)

4.3 Numerical Solutions

4.3.1 The Integro-Differential Equation

The time-domain integro-differential equation for the straight-dipole antenna is numerically
solved in this section. The algorithm developed here is based on the stepping-in-time
method. The stepping-in-time method is a specialization of the method of moments (MOM)
where causality is made use of. This allows one to calculate the current distribution in the
two wires, step by step, in time. The excitation (incident field or applied voltage) waveform

is arbitrary as long as it is causal and sufficiently bandlimited to justify the thin-wire

assumption.

Expansion and Testing

The unknown in the integral equation (100) is the wire current, which is a function of two
variables- space and time. The roof-top function shown in Figure 17(a) is used for the
expansion of the unknown in its domain. It is a tiriangular function in time and a pulse
function in space. The AT in this figure is the time step. Use of triangular functions in time
means the current is linearly interpolated along time axis. Pulse expansion in space means

each wire is divided into many segments and the current is assumed to be uniform along
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each segment. Therefore, according to the continuity equation, no charge does exist along
a segment. Nonetheless, the discontinuity of current distribution at segment boundaries
creates concentrated charges at these discrete locations. This representation is obviously an
approximation to the actual continuous charge distribution. The advantage of using pulses
for spatial expansion is that one doesn’t have to perform an explicit matrix inversion in
solving the integral equation. The spatial length of each segment AZ is equal to 2¢AT.
Two dimensional Dirac functions are used for testing. In other words, the equality in (100)
is enforced only at several points on the space-time plane.

It is assumed that the electromagnetic puise is incident perpendicular to the dipole.
The dipole is therefore symmetrically excited and the current in the lower half is identical
to that in upper half, both in magnitude and sense. Hence, one has to solve only for the
currert in the top half. In turn, testing points are needed only on the top half of the dipole.
Figure 17(b) shows a dipole divided into (2V + 1) segments. The space-time plane over
which the current is calculated is also shown. The (i, j) Dirac testing function is phycically
located at the center of the i** segment. Along time axis, it is at the j** time step. The

(1, m) expansion function is centered at the {{, m) testing point, as shown in the same figure.

Scattered Field from Segments

In this section, the electric field produced at the (i,j) testing point by a general (I,m)
expansion function is determined. It can be seen from (95) that only the current and
charge at ¢ = 7 contribute to the scattered field. The 7 curve for the (4, 7) testing point is
shown in Figure 17(b). If the (I, m) expansion function is completely above this curve, there
will be no scattered field at the (i, ) testing point due to the (I, m) expansion function. If
the 7 curve passes through the expansion function, it will generate a scattered field both
due to its currents and charges. If the expansidn function is completely below the curve,
the scattered field is only due to charges associated with the expaasion function. It should
be noted that the roof-top expansion function has charges only at the two ends (segment

boundaries).

Consider the electric field at the (i,;) testing point due to its own (#,7) expansion
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Figure 17: (a) Roof-top expansion function (b) Discretized space-time plane.
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function. The r curve for this case is shown in Figure 18. Consider a current element at
a distance s from the center of the segment. The r curve leaves the expansion function at

$ = xs; where

81 = VAAT? — a2, (104)

Since the 7 curve does not cross the segment boundary, there is no contribution from the

(4,7) expansion function charges to the electric field at the ({, ;) testing point. The current

contribution is found as follows. The contribution from the the current element at s is

determined first. Then it is integrated from —s; to s; to find the total scattered field.
The current in the lower half of the (4, j) expansion function can be expressed as

t—(j - D)AT

I{§,t) = L AT

(105)

where I;; is the current of the i** segment at ¢ = FAT. The retarded time 7 for this case is

r = jAT - %
V32 + a2
= AT - —Sci“— (106)
Therefore,
NoET
I(S,T) = Ii,j [1 - W (107)
and
Hsyr) = Jid (108)
’ AT

The electric field due to the current element at s can be determined by substituting above
expressions for I(s,7) and I(s,7) into (94). The charge-term in (94) is neglected. Finally,
the resulting expression is integrated from —s; to s; and hence the scattered field at the

(%, ) testing point due to the (i, ;) expansion function is found as
dxeacE’ = Aol ; (109)

where

2, .. 2
Ao = —Esmh 1\/¢2-1=~$ln(¢+\/¢2—-1) (110)
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and

cAT
-

v = (111)

This process is repeated to calculate the electric field at the (i, ) testing point due to other
expansion functions on the i* segment. The lengthy process is not included here. At last,
one obtains the following expression for the scattered field at the (i, j) testing point due to

all the i** segment currents and charges:
J=3
dreacE® = Aol:; + AtLij 1 + Aglija + Aa Z Ik (112)
k=1
where the coefficients are given by

fo = =Zh(p+E-1) (113)
4 2 = 3P -1
A1 = Eln(¢+‘/1p2—1)—Eln(¢+\/¢'+1)-‘(—¢w (114)

2 2 2¢y% +1
Ay = Eln(t.b+\/w2+1)—Eln(ﬂbﬂ/'b’—l)—w (115)

S
T+

In the stepping-in-time method, the current [;; is in fact the unknown being evaluated.

As (116)

Therefore, it is convenient to split the scattered field into known and unknow,, parts, as

4reack® = 41reacE;’j + Aol; ; (117)
where
. 33
41reacE,-":; = AL+ Ang"J'_2 + Az Z I,"k. (118)
k=1

The contributior from other segments can be calculated similarly. The scattered field

at the (i, 7) testing po'nt due to the (i + {)t% segment charges and currents (I > 0) is found

as
LRE]
dreacE; ;™ =

Boulixtj-at41 + Bradizij—a + BagList j-ai-1
- j=21-3
+BaLigtjzi-2+ Bay Y. Lizig (119)
=1
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where the coefficients are given by

Boy = —%sinh‘l\/412¢2—1+-:Esinh“[(ﬂ-- 1)}

(2-1) @-1)p?-1 .
2 (A~ 122 4172 (120)

By = %{2sinh‘l\/4lz¢3-l—sinh""\/(2l+l)2:,b’—-1—sinh“[(2l- 1))}

(2 —1)(2$* +1)
(21 —~ 1)292 + 1372 (121)

By < Ly [@LH0Y+ JEITTRT
b b 2l + /A2 = 1

—lm[(m“)‘“‘W'“ DI+ 1
voo@+F )+ AT -1

+

LR -1 @y -
(2 + 1292 +1/2 7 {20~ 1)392 4 1]/
By = %sinh“[(ﬂ + 1)) — %sinh"‘ Jer+ -1
(2 - 1)p? (20 +1)(29% + 1)
+[(2! - 1242 + 172 - 20(2 + 1)247 + 1p/? (123)
= o2 20-1 a 2A+1
By = 9 {[(21 — )22 1P T 20+ 129 + 1]3/2}. (124)

The total scattered field is therefore equal to

N
dmeackE]; = Aoli; + Z dmeacE]T". (125)

m=-N

The expression (99) is now written in the discrete form as
2ecpili; = dmeacE]; + 41reacE§‘j (126)

where p; is the surface resistance at the it# segment and E,-"‘_,- is the tangential component
of the incident electric field at the (4, 5) testing point. By substituting for dreack]; from

(125) and rearranging the equation, one obtains

N
(2¢cp; — Ao)l;; = 41reacEf‘J- + E dreacE]". (127)

m==N
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Finally, free-space values are substituted for ¢ and ¢ and hence the following expression for

the unknown current is obtained.

E, ¥
it + Z dmeacE]]"
I;J = m=—N . (128)

&7 ~ 4o

where 47eacE" is given by (118) if m = i or by (119) otherwise. The expression (128) is

used in the Fortran code SDIP1 for the calculation of the dipule current.

4.3.2 The Integral Equation

A numerical technique to solve the time-domair integral equation (102) was developed by
Liu (78, 79]. In this thesis, his algorithm is used to solve the unloaded and resistively loaded
antenna problems. Therefore, this section is not an original contribution from the author.
Liu’s algorithm is briefly described in the following pages. The algorithm was implemented
in a fortran code called SDIP2, as described in the next section. This allows us to compare
the results obtained from the two codes (SDIP1 and SDIP2).

Two assumptions have been made in the derivation of equation (102). The current is
assumed to be parallel to the dinole axis. The effect of the wire radius on time retardation
is completely neglected. This second assumption leads to the much simpler expression for

the retarded time
|z = 2|
c

rT=1%-

instead of the exact expression

‘o \/iz—z’i7+a!

[

T =

where z is the location of the testing point, 2’ is the location of the source point and a is
the wire radius. Therefore, the T curves become straight lines, as shown in Figure 19,

The space-time plane is divided into a rhombic grid and the current is defined at cross-
points (grid points). Two closest grid points arz separated by AZ in space and AT in time,
where

AZ = cAT.
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Let the dipole (with length 2[) be divided into 4L + 1 number of points such that

At time step j = 0 and all other even time steps, current is defined only at even numbered
points. At all odd time steps, current is defined only at odd numbered points. Current at
any point on any diagonal line can be obtained by interpolating the currents at the two
closest grid points.

Assume that the current at (z,t) grid point is to be calculated. According to (102), this
involves the evaluation of two current integrals from ! to l. The point (2/,t — |z — 2’| /¢)
lies on one of two diagonal lines passing through (z,t). Let it be between the two grid
points (z —kAZ,t - kAT) and (z — (k+ 1)AZ,t — (k+ 1)AT). It is also assumed that the
currents at these grid points are I and I}y, respectively. By interpolation, the current

i{z",t = |z — 2| /c) can then be expressed in terms of I; and I;,, as

) f = kAZ
(' t—|z2—=2|fe) =T + z—-—fé-—-—(!;, = Itq1). (129)

Now the first current integral can be evaluated from 2 — (k+ 1)AZ to z — kAZ, as

z—k&AZ r i(z 1~z — 2 do' d2'
/ [ SE e PRI oy gy, (130)

z~(k+1)AZ J=x 3,,2\/(2 - 2)2 + 4a?sin?(¢//2)
where
(k+1)SF + sk
T+ = _gw; 2 (131)
kSE + 5%
Tgk _ ‘181‘-2 2 (132)
and
-kAZ do'dz
st=2f 0 [ (133)
~(k+1)AZ Jo \/ 22 4 4a? sin(¢’ /2)
(134)

o o j_mz f Zdd'dz
2 AZ J_k+1)az Jo \/z"-‘+4a2sin2(¢’/2).
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When & # 0, above expressions for $§ and S§ can be approximated by the following closed

form expressions:

—kp + VEIPT 4 1
Sk = o2rl 135
‘ "n{4k+nw+«&+1ﬁw+d] 1)
S8 = on [\/k2+$—‘/(k+1)2+%] (136)
where
AZ
v o= —. (137)
5% and 22 can be numerically evaluated using following expressions:
.. f2 -
§7 = 2¢sinh™? (-$) + 4sinh™! (3:-)
xf2 ¥ P
+4.[3 In [2sin0+ 1+(2sin9)2] (1 —cos®) d@ (138)
: 4 4 2 4
S = —-21+—=~vhn|=+/1+—=
A (¢+V'+w)
/2 4sin?6 2sind
-4/0 [ 1+ == - =5 ](l—cosa)dﬂ. (139)

It has been shown that the first current integral from z + kAZ to z 4+ (k + 1)AZ can also

be expressed as

f:+(k+l)A3 j"’ (2, t = |z = 2|[c)dd'dZ’
2+kAZ - 3,r2\/( z — 2')? + 4asin?(¢/2)

= Tf I+ T5 Ly (140)

where I} and I}, are the currents at (2 +kAZ,t—kAT) and (24 (k+1)AZ, i - (k+1)AT)
grid points, respectively.

Let the internal resistance at point z + kAZ be ry. The internal resistance r(2’) at a
point 2’ between (z+kAZ) and (z+ (k+ 1)AZ) grid-points is found by linear interpolation

of 7 and riy; as:

#—2—kAZ
() = rie + ——&"‘—AZ---m(r,‘J,,L — r2). (141)
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Then, the second current integral in (102) can be evaluated from (z + kAZ) to (2 + (k +
1)AZ). This resuits

f HEHAZ (212t — |2 — 2| [¢) dz’ =
14+kAZ 26

(277: + e My + ("k + 27k 41 Mg (142)

From now on, a new notation is used for current and internal resistance. I, , represents
the current at (mAZ,nAT) point and r,, represents the internal resistance at z = mAZ.

The two current integrals are now evaluated along the whole wire. The final result is

1] ' z=2 .
LI e B (e E

= [2T? + 12€(rm+l +4rn + rm-—l)] Inn
M:-l AZ
[Tl + 751 E(rm-bk-i-l + Arpmpk + Tm+k-1)] It kn—k
k—l
M;-1
+ 3 [le + 1! + (Tm-k+1 +4rm—k + Tm—k-—l)] m—km-k (143}
k=1

where My and M, are the number of points to the left and right, respectively, from the
testing point. They are given by

My = MIN(n,2L+m) (144)
My = MIN(n,2L - m). (145)

The expression (143) can also be written as

{ T d‘?i____ o(2') . |z = 2/| i
j" [/"’ 82 (2—2’)2+4a28in3(¢’/2)+ % ] ( t ¢ )dz

[21*{’ 4 mfcrmﬂ +drm+ rm_l)] In+ Xmn (146)
where X, is the contribution from known currents, given by
Mz—l .
Xm,n - [T + T2 -1 12£(rm+k+1 + 4rm+k + Tm+k-1 )] Im+km-k
M]‘-l
. AZ
[Tl TE! 4 Eé('-"m—k+l + ATk +fm—k-1)] Tk n-k. (147)
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In SDIP2 code, it is assumed that the electromagnetic pulse is incident perpendicular
to the dipole. Therefore, at a given time, electric field is the same all along the dipole. Let

en = e'(RAT). The retarded electric field integral is evaluated using the trapezoidal rule:

‘Z - zll 1 1 My-1 Mi-1
j e (Z',t - —_—) dz' = én + aCn-M, + wCn=M; + Z -k t+ E €n—k- (149)
-t ¢ 2 2 k=1 k=1

Let this value be equal to ¥p,, 5.

The function f; in (102) is a constant along a given ‘characteristic line’ with a positive
gradient. (‘characteristic lines’ are simply the diagonal straight lines shown in Figure 19.)
This constant value of f; is denoted by a. Similarly, f; is constant, denoted by 3, along a
given characteristic line with negative slope. All the positive-slope lines which meet t = 0
axis has zero a value. All such regative-siope lines have zero 8 value. All other positive-
slope lines start at some point on z = —{ axis. The value of a for these lines is evaluated
at this point, by considering the boundary condition I_zp » = 0. Similarly, 8 for all other
negative-slope lines are evaluated at the points they start, considering Iz n = 0. As the
dipole is symmetrically excited, & and 3 values are the same for corresponding lines, and
therefore only & needs to be computed.

Combining (102), (146), (147) and (148), the unknown current I, can be calculated
when m # 2L. This is further described in the next section. When m = 2L, the current is

zero and then, « is calculated.

4.3.3 Description of Codes
SDIP1

The SDIP1 Fortran code is listed in Appendix C. The code uses the the following notation:
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dipole length (m) l LEN
dipole radius (m} a RAD
no. of segments 2N +1 2*RANGE+1
segment length (m) AZ DELZ
time step (s) AT DELT

¥ PS1
time (ns) t TIME
current (A) L; c(1J)
current sum (A) Z};:l Lz  CS(1,3)
surface resistance (Q/0) p; RHO(l)
internal resistance (/m) p;/(27a) R(l)
terminal resistance () RL RLOAD
incident field (V/m) Ei; EINC(1)
A-coefficients Ao - A; ASELQ-ASEL3
B-coefficients Boy — Byy AMUTO(L}-AMUT4(L)

The terminal resistance is distributed along the 0** segment. The coefficients Ag— A3 are
calculated according to (113-116) and By, — By, according to (120-124). All the segment-
currents at 1% tiﬁe-step are calculated first, starting from the 0** segment. Then, it jumps
to 2" time-step. This is repeated as much as needed. The total number of steps is equal
to TOP.

When the current C(1,J) is calculated, the contribution to the ccattered field at the (i, 7)
testing point due to known i** segment currents is evaluated and stored as SELF. Then, the
contribution from all the other segments is calculated {OTHERS). Finally the contribution
from the incident field is added and the unknown current is calculated according to (128).
Due to the symmetrical excitation of the dipole, C(+I,J)=C(1,J).

SDIP2

The Fortran code SDIP2 is listed in Appendix D. This code uses the following notation:
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dipole length (m) l LEN
dipole radius (m) a RAD
no. of points 4L +1 4*L+1
point separation (m) AZ DELZ
time step (s) AT DELT
¥ PSi
time (ns) t TIME
norm. current (V) Elmn C(M,N)
internal resistance (2/m) n; R(1)
norm. internal resistance (r;AZ)/€ RD(I)
norm. terminal resistance Rp/¢ RL
incident field (V/m) ek EINC(K)
5K, sK S1K, S2K
T, T¥ TIK), T2(K)

A(AZ —1) ALPHA(K)
f2(KAZ +1) ALPHA(K)
M, NN
M, MM

S¥ and S9 are calculated following (138) and (139). Approximate expressions (135) and
(136) are used to calculate Sf and S, for k # 0. TF and T are calculated following (131)
and (132). The electric field integral is evaluated according to (148). The V(K) ir the code
is in fact equal to et AZ. The contribution from known currents is calculated according to
(147).

Finally, the current is calculated as follows. If the m** point is the end point at z = {
(i.e. m = 2L), then current is zero. In this case, the value of ALPHA(N) is calculated
according to the following expression, which is derived from (102);

R
Qq = Xm,n - Ym,'n + 2_EL'I0,n-2L — Qn_4L. (149)

If n < 2L, the term due to terminal resistance can be neglected. ¥ n < 4L, a,_4 is zero.
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If m = 0, the contribution from the terminal resistance also involves the unknown

current fp,n. In this case, current is calculated according to
AZ R
[21? + S(ra 4 dract 1) + 2—;] Iom = Yon = Xom + 2an_r. (150)

If m is neither equal to zero nor 2L, the current is calculated according to

AZ R
[2T? + E&T(rm-i-l +dry, + "m-l)] IO,n = Ym.n - Xm.n - ngo,n—m + Cmtn=2L + Cn-m-2L.

(151)

Because of symmetrical excitation,

I—m'n = Im‘n-

4.4 Numerical Results

From SDIP1

A Gaussian electromagnetic pulse with a half-magpitude pulse width (PWHM) of .53 ns
and a peak magnitude of 1 V/m is incident on a lm-long unloaded dipole, from a direction
perpendicular to the dipole. The incident electric field is parallel to the dipole. The diameter
of the dipole is 8.3 mm ({/a = 120). Assume that the terminals are short-circuited. The
dipole was divided into 61 segments and the current was computed using the SDIP1 code.
The current distribution in one half of the dipole is shown in Figure 20. When the dipole
is terminated with a 100 Q resistance, the current distribution is as shown in Figure 21
Both figures show the ‘reflections’ from the two ends, which propagate back and forth at
tile speed of light. In addition, Figure 21 shows some reflections starting at the terminals.
This must be due to the ‘mismatch’ caused by the 100 © termination. The current in the
terminated dipole decays much faster than in the short-circuited dipole, obviously due to
the dissipation at the termination.

Current distribution in several resistively-ioaded straight dipoles was also calculated.

These dipoles have the same dimensions as the unloaded dipole. All of them have the
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parabolic resistance profile given by

r(z) = : E??:I (152)

where r(z) is the internal resistance at a distance z from the terminals and { is the half
length of the dipole. uch a loaded dipole, terminated with a resistance Rp, is shown in
Figure 22. A dipole with this resistance profile approximates the WK nonreflecting dipole
when r(0) is equal to the particular value given by [27)

£
r(0) = 271_‘3?(\]?) {153)
where ‘
¥ = 2[sinh~! é — C(2ka, 2kl) — jS5(2ka, 2k1)] + %(1 — e I2Kl (154)
‘ T 1 - cosVul + a?

1) = d
| Cla,2) A T u (155)
S(a,z) = Tsinvutal , 156
@)=} T (1560

and a is the dipole radivs. Since a perfectly conducting dipole has the first resonant fre-
quency approximately at c/(4!), for broadband operation, the WK dipole is usually made
nonreflective at this frequency. Therefore, when ¥ is calculated, it is assumed that I = /2.
Nonetheless, it has been shown that the real part of ¥ is a slowly varying function of fre-
quency for kl < 7/2 [29]. According to above expressions, a 1 m long, 8.3 mm thick WK
dipole has an internal resistance of 919.6 {/m at the center of the dipole.

The current distribution in the WK dipole excited by the .53 ns Gaussian incident pulse
is shown in Figure 23. The terminals are short-circuited. It can be seen that the ‘reflections’
from the ends have virtually disappeared as a result of the internal resistance. If the internal
resistance of the dipole is increased by a factor 5, the current distribution will be as shown
in Figure 24. One significant effect of this ‘overloading’ is that the peak current along the
dipole now has an almost linear variation in space. If the internal resistance of the WK
dipole is reduced by a factor of 5, the current distribution will be as shown in Figure 25.

This internal resistance is not sufficient to suppress the end ‘reflections’.



THE STRAIGHT DIPOLE 76

When the WK dipole is terminated with a 100 { resistance, the current distribution
takes the shape shown in Figure 26. It can be seen that the current maximum no longer
occurs at the terminals. If the termination resistance is increased to 1 k{2, the terminal
current will drop significantly, as shown in Figure 27. The terminal current waveform also

changes significantly.
From SDIP2

The same WK antenna described in the previous section was analyzed using the SDIP2
code. The same .53 ns Gaussian incident pulse was used as the excitation. The current was
computed using 81 points on the dipole. The current distribution in the dipole, terminated
with a 100 0 resistance, is shown in Figure 28. This may be compared with the current
distribution obtained from SDIP1 (shown in Figure 26). The terminal current waveform
obtained from SDIP1 is compared with the waveform obtained from SDIP2, in Figure 29.
An excellent agreement between the two methods can be noticed.

Numerical results to follow are normalized so that one can easily adopt them to dipoles
with different lengths. The distributed resistance is normalized according to

r(2)1
2) = =,
=) ==¢
A half-length to radius ratio (I/a) of 120 is assumed in all cases. For a WX dipole, this

results 7(0) = 1.2. The time-domain response of the WK antenna, terminated with a 100

(157)

resistance is shown in Figure 30 (which also corresponds to a WK monopole with a 50
termination.) The incident pulse has a Gaussian waveform with a PWHM of 0.24l/c. It
can be seen that the WK dipole has a slower rise time and decay time, when compared with
the incident pulse. The 24% undershoot and the stretching of the pulse caused by the WK
dipole is clearly unacceptable in many time-domain applications. In order to improve the
pulse-receiving characteristics, one may consider using a distributed resistance much higher
than the WK value. Consider a heavily loaded (HL) dipole, with v(0) = 20, terminated
with a 100 Q resistance. It has the terminal voltage waveform shown in Figure 31, when
excited by the 0.24//¢ Gaussian pulse. The voltage waveform peak is now well-placed due

to the fast rise time of the dipole, The fast decay time of the dipole results almost negligible
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pulse stretching. The undershoot has been reduced to 2%. All these advantages come at the
cost of considerable loss of sensitivity (approximately 5 times) . The time-domain response
of the WK and HL dipoles were transformed to the frequency domain, using a Fast Fourier
Transform algorithm. The normalized receiving transfer function, defined as

Vi(w)
)T (158)

En(w) =
has been calculated. The magnitude and phase of the transfer function are shown in Fig-
ures 32 and 33, respectively. It can be seen that the HL dipole provides a broader bandwidth
at the expense of peak sensitivity; its 3dB bandwidth ranges from {/A = 0.014 to I/ A = 3.0.
The peak normalized sensitivity is approximately 0.01 which is an order of magnitude lower
than for the WK dipole.

The WK dipole is expected to have good pulse receiving characteristics when it is
terminated with a highly resistive load. The response of the WK dipole, terminated with
a 100 kR resistance is shown in Figure 34. In this case, the incident Gaussian pulse has
a PWHM of 1.18//c. The response is significantly better when compared with a 100 Q
termination. The small delay of the peak of the response is due to the inherently slow rise
time of the WK antenna, which is almost independent of the termination. The normalized
receiving transfer function of the WK dipoles with different resistive terminations has been
calculated and the results are shown in Figures 35 and 36. These results can be compared
with the data available in the literature [34]. It is clear that the low frequency limit of
the WK dipole can be lowered using a higher terminal resistance. The upper frequency
limit is almost independent of the terminal resistance as long as the terminal resistance is
sufficiently high (> 1 kQ). The WK dipole with a 100 kQ termination has a 3dB bandwidth
from I/A = 0.001 to 0.4, For comparison, the normalized receiving transfer function of a
WK dipole with 2 10 k2 termination has been calculated, directly in frequency domain,
using the Numerical Electromagnetic Code (NEC) [95]. The magnitude and phase of Ry
are shown in Figures 37 and 38, respectively.

The normalized receiving transfer function of several resistively loaded dipoles, each

with a 100 kQ resistive termination, has been calculated and is presented in Figures 39
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and 40. The internal resistance of the dipoles varies from 4(0) = 0.3 to ¥(0) = 4.8. The
objective of this analysis is to identify the dipole which performs best at higher frequencies.
It can be seen that, the WK dipole with 4(0) = 1.2 has approximately the ‘maximally flat’
response at higher frequencies. Dipoles with lower distributed resistance have overshoots

whereas those with higher distributed resistance have lower roll-off frequencies.

4.5 Discussion

It has been shown that an incident puilse can be distorted in several ways during reception.
An antenna with slow rise time delays the peak of the response. Slow decay time of the
antenna leads to a stretched response. A negative undershoot or a ‘tail’ is observed very
often, usually after the duration of the incident pulse. It has been found that the rise time
and decay time of the antenna are associated with the high frequency response while the
undershoot or tail is determined by the low frequency response. In the case of a2 broadband
nondispersive antenna, pulse stretching or the delay of the peak determines the fastest
pulse the antenna can receive without distortion (i.e. the time-resolution of the antenna).
The maximum duration of the pulse (that relates to the lower roll-off frequency or the
frequency-resolution of the antenna) is determined by the undershoot or the ‘tail’ of the
response.

The WK nonreflecting monopole, when terminated with a 50 § transmission line, does
not have a sufficient bandwidth for the reception of electromagnetic pulses. One possible
way of increasing the bandwidth is by increasing the distributed resistance, as done in the
HL monopole. This type of design gives a broader bandwidth at the expense of the receiving
sensitivity, A broader bandwidth can also be achieved, without sacrificing sensitivity, by
terminating the WK monopole with a high-resistance load. Although such a design promises
a higher sensitivity, an active (electronic or optical) transducer is needed to realize the
high input resistance. The WK monopole terminated with a highly resistive load has the
‘maximally flat’ frequency response close to the upper roll-off frequency.

- Design and performance parameters of a WK monopole and a2 HL monopole designed to
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Monopoie type HL | WK
Termination ({2) o0 |50k
Upper 3 dB frequency (GHz) 3 3

Monopole length (cm) 30 4

Lower 3 dB frequency (MHz) 14 175
Peak sensitivity (mV/(Vm™)) 1.8 | 164
Distributed resistance at center (kQ/m) | 25.1 | 11.3

Table 1: Comparison of WK and HL dipoles.

operate up to 3 GHz are listed in Table 1. The WK monopole is smaller in size, provides a
broader bandwidth and better sensitivity, but requires a higher termination resistance(>5
k). The HL monopole is 7.5 times longer, operates with a conventional 50 {2 transmission
line but has a two times narrower bandwidth and nine times lower sensitivity. The greatest
advantage of such a monopole is that it can be connected to the oscilloscope or the recording
device using a standard 50 Q coaxial line, without additional hardware.

In summary, the pulse receiving characteristics of several resistively loaded straight
dipoles have been analyzed in the time-domain. The frequency-domain receiving transfer
function has been obtained using a Fast Fourier Transform algorithm. Two broadband
antenna designs based on resistively loaded straight dipoles were considered and their ad-

vantages and limitations were discussed.
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Figure 22:)Resistively loaded straight dipole and the distributed resistance profile.
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Figure 29: Terminal current waveform in the WK dipole with 100  termination.
Continuous line: from SDIP1, broken line: from SDIP2, dotted line: incident pulse.
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Figure 30: Time-domain response of the the WK dipole with 100 € termination,
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Figure 31: Time-domain response of the HL dipole with 100 Q termination.
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Figure 32: |Ry| of the WK and HL dipoles with 100 © terminations.
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Figure 33: ARG(Ry) of the WK and HL dipoles with 100 Q terminations.
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Figure 34: Time-domain response of the WK dipole with 100 k) termination.
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Figure 35: |Rn| of the WK dipole with a high-resistance termination. Terminal resistance
Ry is shown as a parameter.
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Figure 36: ARG(RN) of the WK dipole with a high-resistance termination. Terminal
resistance Ry is shown as a parameter.
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Figure 37: |Ry| of the WK dipole with 10 k2 termination- from NEC.
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Figure 38: ARG(Ry) of the WK dipole with 10 k2 termination- from NEC.
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Figure 39: |Ry| of various loaded dipoles with 100 kQ terminations.
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Figure 40: ARG(Rp) of various loaued dipoles with 100 k2 terminations.
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Chapter 5

THE V-ANTENNA

5.1 Introduction

In the previous chapter, it was demonstrated that the Wu-King (WK) resistively-loaded
straight dipole antenna has a broad receiving bandwidth with non-dispersive phase char-
acteristics. However, in order to achieve this bandwidth, this antenna requires a high-
impedance termination (> 10 k). This is not a limitation at frequencies below 1 GHz
as active (FET) oscilloscope probes with megaohm impedances are commercially available.
Further higher impedances can be obtained using electronic buffer amplifiers and photonic
modulators [45, 46).

Some natural and man-made transient electromagnetic fields have sub-nanosecond rise
times and, hence, gigahertz bandwidths. For high fidelity reception of such fields, receiving
antennas ope}ating up to 10 GHz (or higher) are required. Unfortunately, commercially
available high-impedance (active) oscilloscope probes don’t operate above 1 GHz. To ex-
tend any broadband antenna beyond 1 GHz, one has to either design a broadband active
{electronic or photonic) high-impedance probe or use commercially available low-impedance
(50 Q or 500 ) broadband passive probes.

As far as sub-nanosecond pulse reception is concerned, the WK antenna has two limi-

tations. First is the bandwidth. The bandwidth obtained from a WK antenna with a 50 Q
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or 500 Q probe is not adequate for transient field measurements. Second is the sensitivity.
The upper roll-off frequency of the WK antenna is mainly determined by the length. From
the numerical results presented in the previous chapter, it can be seen that the wavelength
at the upper roll-off frequency is approximately equal to the dipole length. A WK an-
tenna operating up to 10 GHz is only a few centimeters long and therefore has a very low
sensitivity.

To address these problems, one must look beyond the electrically-small sensors and
WK-antennas. Only an electrically-large antenna can yield a good sensitivity at multi-
gigahertz frequencies. One such electrically-large antenna considered in the past is the
TEM horn. Both unloaded and resistively-loaded TEM horns have been developed {22, 24].
Nonetheless, the complicated geometry of this antenna does not allow an efficient and
accurate theoretical analysis. Hence, most developments are based on previous experiment
results, empirical formulae or approximate analytical expressions [25].

We selected the thin-wire resistively loaded V-antenna as a potential pulse receiver. The
rationale behind this selection is as follows. Let us first compare the receiving characteristics
of perfectly conducting straight dipoles with those of V-dipoles. The first null in the receiving
transfer function of the perfectly conducting straight dipole occurs approximately at f, =
c/l, i.e. when the dipole is 2) long. Yet, the first null of a perfectly conducting V-dipole
occurs at much higher frequencies. For example, a V-dipole with a 75° V-angle has the
first null approximately at f. = 5¢/l. In a resistively loaded straight dipole, the receiving
transfer functior null is not clearly visible. However, the effect of the null is still present
as demonstrated by a rapid fail of the dipole response at higher frequencies. Consequently,
when a V-dipole is loaded with a distributed resistance, the response is expected to fall off
at higher frequencies very slowly, facilitating operation at higher frequencies.

In this chapter, unloaded and resistively loaded thin-wire V-antennas are analyzed. The
time-domain integral equation for the V-antenna is derived in Section 5.2 and it is solved

numerically in the time domain, using the stepping-in-time method, in Section 5.3. A
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frequency-domain analysis of the V-antenna is also performed, using the Numerical Elec-
tromagnetic Code (NEC), which is based on the Method of Moments [101, 102, 103]. Nu-
merical results are presented, both in time and frequency domains, in Section 5.4. It can
be seen from these results that the resistively loaded V-antenna alone does not have a flat
frequency response over a broad frequency range. Hence, the possibility of shaping the
frequency response of the V-antenna is discussed in Section 5.5. It is shown that, using a
Response Equalizer Circuit (REC), a flat frequency response can be achieved over a broad
bandwidth, even with low impedance (50 or 500 Q) terminations. For a given termination
and a given sensitivity, the V-antenna with REC has a much higher upper-roll-off frequency

and much lower lower-roll-off frequency, compared with the WK straight dipole antenna.

5.2 The Integral Equation

Let us consider the electric field E3(P, t) produced at a point P in free space by a current
element 7(S,t) and a charge element ¢(5,t) located at point S, as shown in Figure 41(a).
If R, is the vector from S to P, the electric field is given by [60]

dreEs(Pyt) =
(S, | (HSn) B,
R chs
B, x[[(S,7) x B) R, x [I(5,7) x K]
cRd 2R3

(159)

where R, = |R,| and r =t — R, /.

Let the point P be on the surface of the top wire and the point S be on the axis of the
bottom wire of a V-dipole, as shown in Figure 41(b). The unit vectors along the top and
bottom wires are p and 3, respectively. The V-angle of the antenna is 8, and the angle
between 3 and R, is 8,. It is assumed here that the current and its associated charge is
concentrated at the wire axis. This “thin-wire” assumption should be valid as long 2s the
wire radius is much shorter than all the wavelengths considered. For the derivation of the

integral equation for the V-antenna, we need to evaluate the component of the scattered
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Figure 41: Current and charge elements in the V-dipole.
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electric field tangential to the top wire surface, given by
E*(P,t) = E*(Pt).. (160)
The elemental current at S in the bottom wire can be expressed as
I(S,t) = I(S,1) & (161)

Now equation (159) is scalar multiplied by 5 to obtain dweE?*(P,t). Then, expression (161)

is substituted for (S,t). Vecior multiples are replaced using the following equations:

Ry.p = —Rycos(8y+8,) (162)
(3.R.)(Rsp) = —R2cosé,cos(f, +6,) (163)
[B, x (3 X Ry)).p = —R2sind,sin(8, + 6,). (164)

Finally, one obtains the tangential electric field produced at the surface of the top wire by

an elemental source on the axis of the bottomn wire as

4reE*(Pyt) =
Q(fz ™) cos(l, + 8,) - I(‘; ) cos(8, +26,)
IE.‘,SR,) sin 8, sin(8, + 6,). (165)

Next, consider the case where the clemental source S is on the axis of the top wire,
as shown in Figure 41(c). When 6, = 180°, the bottom wire is identical to the top wire.
Hence, the expression for the scattered electric field due to an elemental source in the top

wire can be obtained simply by substituting 8, = 180° in expression (165). That is,

4meE*(P,t) =
, Ks,
Q(Rz ™) cost, + R:) cos 26, — (2;) sin? ,. (166)

The total scattered field is obtained by integrating the field from elemental sources over the

two wires:

dmel*(P,1) =
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q(S, T I(S,r
.[bottom w:'re{_ (R2 : cos(fy + 65) - "(_Rg ) cos(8y -+ 265)
I(SR ) g sin 8, sin(f, + 0,)} ds
«S,7) I(S,7) s .
-/tozl wire{ “RT 088, + — o7 R cos20, — —gp"S n?é,} ds.

(167)

The total tangential electric field, ie. the sum of the tangential scattered field and the
tangential incident field, is given by

E'(P,t) = E°(P,t) + E'(P,t). (168)

For a perfectly conducting V-antenna, E*'(P,t) must be zero. When the anterna is loaded
with a surface resistance p(P),

I(P,1)

E'(P,t) = p(P) J(P,t) = p(P) ===

(169)

where J(P,?) is the current density, J(P,t) is the current at P and q is the wire radius.
Substitution of (169) in (168) leads to

:—!a—e-p(P)I(P,t) = dreE*(P, 1) + dmeEN(P,1). (170)

Finally, expression (167) is substituted for 4weE*(P,t) and the following integral equation’

for the resistively loaded V-antenna is obtained:

dTeEY(P,t) =
2e
- APY(Py)
¢S, 7) _I(S,7)
./bottom wire{— RE COS(80+H,) CRE cos(8, + 20,)
+ I(f}z  sin 8, sin(8, +a,)}
q(s T) I(S T (S 1-)
j;op wire{+ R? 056, + cR? cos 26, R, sin® 8, p ds.

(171)

VThis is essentially an integro-differential equation. Nonetheless, it is normally referred to as an integral
equation, for convenience.
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The charge ¢(S,1t) is directly related to the current I{5,t) by the continuity equation.
Therefore, the only unknown in the integral equation is the current, which is a function of
two variables- space and time. The integral equation can be solved for the current, directly
in the time domain, as shown in the next section. Alternatively, (171) can be transformed
to the frequency domain and solved using conventional frequency-domain numerical meth-
ods. The frequency-domain solution can be transformed to the time domain later, using

nummerical Fourier transform techniques.

5.3 The Numerical Solution

The time-domain integral equation for the V-antenna is solved numerically in this section.
The algorithm developed here is based on the stepping-in-time method. The stepping-
in-time method is a specialization of the method of moments (MOM) where causality is
exploited. This allows us to calculate the current distribution in the two wires, step by
step, in time. The excitation (incident field or applied voltage) waveform is arbitrary as

long as it is causal and suffictently bandlimited to justify the thin-wire assumption.

5.3.1 Expansion and Testing

The unknown in integral equation (171) is the wire current, which is a function of two
variables- space and time. Therefore, one needs 2-D expansion functions and 2-D testing
functions. In the following analysis, the roof-top function shown in Figure 42(2) is used for
expansion. It is a triangular function in time and a pulse function in space. The AT in this
figure is the time step. Use of triangular functions in time means the current is interpolated
linearly along time axis. Pulse expansion in space means each wire is divided into many
segments and the current is assumed to be uniform along each segment. Therefore, according
to continuity equation, no charge exists along the segment. However, the discontinuity of
current distribution at segment boundaries leads to concentrated charges at these discrete
locations. This is obviously an approximation to the actual continuous charge distribution.

The advantage of using pulses for spatial expansion is that one doesn’t have to perform an
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explicit matrix inversion in solving the integral equation. The spatial length of each segment
AZ is equal to 2¢AT. In this analysis, two dimensional Dirac functions are used for testing.
In other words, the equality in (171) is enforced only at several points on space-time plane.
In space, Dirac testing functions are located at the center of each segment. In time, they
are at JAT where j is a positive integer.

We are only interested in the reception of electromagnetic pulses incident in the boresite
direction of the V-antenna. The V-dipole is therefore symmetrically excited and the current
in the bottom wire is identical to that in the top wire, both in magnitude and phase. The
charge on the bottom wire is the negative of the corresponding charge on the top wire.
Therefore, one has to solve only for the current in the top wire. In turn, testing points are
needed only on the top wire.

Figure 42(b) shows an infinitely thin V-dipole with each wire divided into N number of

segments. The general i** testing point is located at a distance
z; = (2 — 1)eAT (172)

from the terrainals. Also shown is the I** segment on the bottom wire. The center of this

segment is at a distance
= (2‘ - l)cAT (173)

from the terminals. A V-dipole with finite thickness is shown in Figure 42(c). It can be
noted that the only geometrical difference between the two is the small displacement of

testing points (from the axis of the top wire to the zurface).

5.3.2 Scattered Field from Bottomn Wire

One may substitute the current expansion described in the previous section in the inte-
gral equation (171) and proceed mathematically towards the numerical solution. However,
physically it makes more sense, if one considers each term in (171) separately. On the right
hand side of (171), there is one term due to the distributed resistance, three terms due to
the scattering from top wire and three more terms due to scattering from the bottom wire.

Consider the contribution from the bottom wire. The objective of this section is to derive
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Space
Time

AZ

2AT

{(i)th testing point

Current source S
on (l)th segment

(i) th testing point

Figure 42: Segmentation of the V-dipole for numerical analysis. (a) roof-top expansion
function (b) zero thickness wire (c) finite-thickness wire.
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an expression for the value of the electric field at the (i, j) testing point, produced by the
I*A segment current and its associated boundary-charges.
For convenience, the scattered field contribution from a bottom wire elemental source,

given by (165), is divided into three parts as follows:

X(s) = _2(_%'23. cos(8, + 8,) (174)
Y(s) = —% cos(8, + 26,) (175)
Z(s) = igf};) sin 8, sin(d, + 6,)- (176)

Charges exist only at segment boundaries and therefore only the two ends of the I** segment
need to be considered when evaluating X(s).

Let the elemental current source be located at a distance s from the center of the [t
segment, as shown in Figure 42(b). For the moment, assume that the V-dipole is infinitely
thin. Later, the expression derived for the infinitely thin case is modified and the finite
thickness of the dipole is accounted for. The spatial separation between the source point

and testing point is given by
R? = %+ 2scAT[(20-1) - (2i — 1)cosb,]
+AT2[(2i — 1)2 4 (21 - 1)? - 2(2i — 1)(20 — 1) cosd,). (177)

Also from Figure 42(b),

sinf, = ‘"'_’:_zé_"% (178)
3

z;sin G,
R,

Substitution of the above expressions into (175) and (176) leads to

cosf, =

(179)

I(s,7) |2zi(z; + s)sin®8, cosb,
Y(s) ” [ 7 - R (180)
. . . 9
2(s) = I(s,7) z,(c:czgR-: 8)sin 0.,. (181)
3

If the currents at 7** time step is to be calculated,

t=jAT
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and therefore

() = AT - 2,

Typical curves of T versus s for a single segment are sketched in Figures 43(a)-(c). The
curve may very well span across many time steps. For example, the curve shown in Figure
43(c) spans across three time steps. Therefore, one needs to divide this segment again into
three parts and calculate the contribution to the scattered field from each part separately.
A generic part of the I** segment is shown in Figure 43(d).

The electric field due to currents in the generic part is calculated as follows. At one end

of this part, s = 83, R, = Ry, T = 1y and the current is C) where

R} = 8} 4+25cAT[(2l - 1) — (2i - 1) cos )
+ AT?[(2i - 1) 4 (2 ~ 1)® — 2(2¢ = 1)(2! = 1) cos 8,] (182)
n = jAT - Rc". (183)

At the other end, s = 3,9, R, = R,3, 7 = 72 and the current is C» where

Ry = 34 25cAT[(2l - 1) = (2i — 1) cos 6]

+c2AT2(2i = 1)% 4 (2 - 1)? — 2(2i — 1)(2 — 1) cos 8, (184)
= jAT- R;’.

(185)

The 7 curve of the generic part falls within one segment and one time slot. Hence, the

current I(s,7) in this part has a linear variation with time . One may therefore write

I{(s,7) = [ r(s)] 1+ [r(s) ] (186)

=N
It is necessary to express this current as a function of s. For that purpose, substitute
7(s) = jJAT — R,[c where R, is a function of s as stated in (177). Also substituting for
and 7, from (183) and (185), one obtains

- Rg -— R.z Rll - RS r
I(S,T) - (Ral - Ra2) Cl + (-Rsl - a.s) 02. (187)
Similarly,
fs,7) = = YC=C) (188)

K Sl | R, ~ Ry :
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Figure 43: Typical 7 curves of a segment.

112



THE V-ANTENNA 113

These expressions are now substituted in (180) and (181) to find the electric field produced
by the elemental current source at s. This results
R - R 2 Rn - Rl
o - [(Rta)as (B2g)o)
¥(s) Ra-Ra/ ' \Ra—Ra :
2r;(z) + s)sin? 8, _ cosby
R R

(189)

N e o

Finally, the total electric field produced by the current in the generic part is obtained by

integrating Y(s) and Z(s) from s; to s2. As shown in Appendix A, this results

(Vi + 2y) =
— cosd ( C:—-C ) In (R,z 383+ 31— ::;cosﬂ.,)
Y\Ry - Ra Ry + 81 + 2t — zicosty
Casy 0181] (31 cos by — 3;‘) [ClR-2 3 02R31]
+ cos 0" [ ng Rzl Risﬂ Ral Raz (191)
where
3
Y= j Y(s)ds
n
and

7 = j :’ Z(s)ds.

Now consider a V-dipole with radius g, as shown in Figure 42(c). The axes of the two
wires meet at the terminals. The only difference between this case and the zero-thickness
case is that the testing points are now on the surface of the top wire that is a distance e away
from the axis. This can be accounted for, by replacing z; and z; in the above expressions

by z; + acotf, and z; + acosec 8,, respectively. The resulting expressions are
R31 =
o2 4 25 {cAT((2l — 1) - (2 — 1)cosb,] — asindy} — 2acAT(2l - 1)sin 8, + a?
FEATA[(2i — 17 + (20 - 1)" — 2(2i — 1)(2 - 1) cos 6] (192)
Rgz =

82 4 289 {cAT[(20 - 1)~ (2 ~ 1) cosf,] — asinfy} — 2aeAT(20 — 1)sin b, + a?
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+AATH(2i — 1) + (20 = 1)* ~ 2(2i — 1)(2! — 1) cos 8,] (193)
e(Ye+ 2¢) =

C1-Cy R,g+ag+z¢—z,-cosﬂ,,—asin0‘,)
cos b (R.g—R )ln (Rn + 81 4+ 2; — z;co8é, —asind,

Cas; (O 31] (a:| cosf, — x; ) [Cl R Cg R,l]
cos 8, - - .
+ [ ng Rfl aIRl2 Ra')

(194)

This expression for the electric field due to currents in the generic part is very general. It
can be used in the analysis of wire antennas with arbitrary shapes.

When 8, < 90°, there is always a bottom wire segment which has a peaked r curve as
shown in Figure 43(a). Let us denote this segment by lp;. In fact, I, is the bottom-wire
segment closest to the i** testing point. All the segments to the left of Iy; (i.e. I < I,) have
T curves with positive slopes, like in Figure 43(b). All segments to the right (i.e. { > )

have negative slopes. Using simple geometry, it can be shown that

Ik = INT[(i - —) cosf, + ——sinf,] +1 (195)

w

where

o= cAT (196)

and INT represents the integer function. The point on the bottom wire axis that is closast

to the it? testing point (denoted by spi), and the distance between these two points R,px

are given by

Spk = (2i-1)cAT cosb, +asinby —~ (2, — 1)cAT (197)
Rypr = (2i-1)cATsiné, —acoséb,. (198)

The value of T at sy is given by

—;—cos By. {199)

All the bottom wire segments are subdivided wherever the 7 curve cuts the time slot

Tok = AT - ﬂ::i’i =j—(2—1)sin8, +

boundaries, as shown in Figare 43(c). Further, the l,; segment is subjected to an additional
division at spx. Within a general segment I(# I;), there can be up to three parts. The
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contribution from these parts to the scattered electric field is determined as follows. The
first step is to determine the number of parts in a general I"* segment. Let M; be the
latest time step before 7(—cAT) and M, be the latest time step before r(¢AT'), as shown in
Figure 43(c). For all segments other than I 4, the number of parts is equal to | M; — M|+ 1.
Now consider the most complicated case, where the segment is divided into three parts, as

in Figure 43(c). For Part A,

sy = =—cAT (200)
s = UL VT~V (201)

where only the value that falls within the segment is selected (i.e. —cAT < 33 < ¢AT). In

above expressions, U/ and V are given by
U = z;—z;c088, —asind, (202)
= z}+z? - 22;7; cos 8, — 2az; sin b, + a® — (§ — My)?c2AT?. (203)

Let the current of the I* segment at m'® time step be Iy, (this current flows from left to

right in the top wire; right to left in bottom wire). The current at the two ends of Part A

can be written as

Ci = I, [Ml +1- %] + Dip [Té",}) - Ml] (204)

C: = I (205)

Substitution of above expressions for 3y,3;,C; and C; into expressions (192)-(194) gives
the electric field produced by Part A currents. The contribution from other parts of the [th
segment can be determined similarly. Contributions from all the parts in all the bottom-
wire segments are combined to find the total scattered electric field due to bottom wire
currents. In this discussion, it was assumed that the currents Ijps, 4; etc. are already
known. However, there may be cases where M) + 1 = j and hence I s, 41 is yet unknown.
These cases are identified and treated separately in Section 5.3.4.

Finally, one needs to evaluate the electric field produced by the charges on the bottom

wire. As mentioned previously, charges exist only at segment boundaries. The boundary
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between the /** and (I + 1)** segments is denoted as the I** boundary, as shown in Figure

43(c). From (174), the contribution from this boundary is given by

X = "(;z 27 cos(8, +6,) (206)

where g(I,7) is the charge at the I** boundary at t = 7; R,; and r here are given by

Ry, = [4P 4 (2i - 1) — 4i(2i ~ 1) cos8,)c*AT? - 4alcAT'sin §, + e (207)
r = jAT—-%‘-’ (208)

Expansion of (206} and substitution for sin#, and cos§,, from (178) and (179), leads to

X = cqu, )[:z:; cos 8, — z; + cAT cos §,]
2
= —AERQ(—’——Q[M cosfy, — 2i + 1), (209)

The charge ¢(I, ) can be expressed in terms of currents in the [** and (! 4 1)** segments, as

M,
al,r) = Y ATk — Iie)

k=0
AT Ry
=5 (D1, = Ia)(Mz+1-5+ AT)
AT
+—(II+1.M:+1 =D 41)(i— M2 — cAT)z (210)

When evaluating the charge at the free end (i.e. { = N = number of segments), the currents
with (! + 1) subscripts are neglected. At the wire junction, both segments carry the same
current in opposite directions and therefore there is no charge. The contribution to the
electric field from all the bottom-wire charges at segment boundaries are calculated using
(209) and (210) and summed. This, when added to the total contribution from the bottom
wire currents calculated before, gives the total electric field produced by the bottom wire,

at (#,7) testing point.

5.3.3 Scattered Field from Top Wire

In this section, the electric field produced by the top wire currents, at the (4, ) testing point

is determined. Since all the testing points are on the top wire, the problem is similar to
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t —P 3
—cATI cAT
Part D Part B Part A Part C

Figure 44: T curve for the i** top-wire segment.

a straight dipole or monopole. Expressions for straight dipoles have already been derived
in the previous chapter. Instead of quoting those expressions, one may re-derive them here
using the more general expression (194). This allows one to check the expressions derived
in the previous chapter as well as expression (194).

The bottom wire of a V-dipole is indistinguishable from the top wire when 6, = 180°.
One can therefore use expression (194), with 8, = 180°, to calculate electric field produced
by top wire currents. Let the tangential electric field at the (i, j ) testing point be E};. The
contribution to Ef; from the (i, k) roof-top function (k < j) can be determined as follows.
The 7 curve for this case is shown in Figure 44. The i** top wire segment is divided into
four parts. The electric field created by the currents in Part A is calculated first. Using the

notation for the generic part shown in Figure 43(d), one obtains

1 = 0 (211)
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32 = f(cAT)? —q? (212)

By = a (213)
R = AT (214)
a a
G = IL;(1- m‘) + Ii‘j-l(m) (215)
Cr = ILij-1. (216)
These expressions are substituted in {194), together with

8, = 180° (217)

z; = (2i-1)cAT (218)

1 = —(2i-1)eAT, (219)

and hence the contribution to the electric field from Part A currents is abtained as

ac(Y: + Zy) =
=S tn(p + 9 - 1)+ By + - 1)
;;,;‘\/w* (220)

where

$= cAT

By symmetry, Part B currents give exactly the same contribution. The contribution from

Parts C currents is determined next. In this case,

81 = /(cAT) —a? (221)

83 = cAT (222)
Rq = AT (223)
Ry = \fceATY +a (224)
Ci = Lij. (225)

\/i ATF-{- 2 \/( ATY + a2
C: = Ija(2- c—caT—a-) + I{J_Q(___f?;__“__ -1) (226)
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Substitution of these in (194) leads to

ac(Ye+ Z¢) =
L r i v+ VETHL
A \/E’—_l]
2—Pi+1 -1 VIT+1-9
L ( ¢"-‘/1.f. T \/‘b‘bg ) - I -2 (T‘i-'l_-) . (227)

The contribution from currents in Part D is equal to that from Part C. Finally, the con-

tribution from the charges at segment boundaries is calculated. These boundary charges
are in fact due to currents in the it? segment as well as neighboring segments. For the mo-
ment, only the charges associated with i*h segment currents are considered. Substitution of
expressions (217)-(219) in (209) leads to

2 ATq(r)
(@AT? + a2y

X = (228)

where g(7) is the charge accumulated at the left end of segment i. In turn, there is a —g(7)
charge accumulated at the right end of the same segment. The total electric field at (i, 7)
testing point is therefore equal to twice of that given by (228). The charge g(+) due to

currents in the i** segment is given by

2 2
L AT a? . 1 i
or) = - 2-\/1+m] B (\/“ 2R~ 1)
i=3
—AT Y Lk (229)
k=1

Substituting this in (228), one obtains

acX =

L Y -vi+l) [#% - {VPE+1-9)}
2 (1,b2 + 1)3/2 =2 (W2 + 1972

Z L k(¢2 i 1)3/2 (230)

The total electric field at (i, j) testing point due to the i*» top-wire segment is obtained by

adding contributions from currents in all the parts and those from the charges at the two
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boundaries. The final expression can be written in the form

=3
dreacEdli = Aok + Atfijoa + Aakijoz + A3 Y ik (231)
k=1

where the coefficients are given by

Ao = —%ln(w - (232)
4 [a o\ 2 o 1 3Pt -1
A4 = -’:b-ln(xb + ¢2 - 1) - aln(ﬂb + ¢2 + 1) - Wﬁ (233)

2 2 2¢% + 1
Ay = Eln(¢+\/¢’+1)—gln(¢+\/¢’—1)—W (234)

2
= G e
It may be noted that the expressions for these coefficients are identical to those derived in
the previous chapter, using direct integration.
The electric field at the i*® testing point due to currents and charges in other top wire
segments can be determined similarly. The procedure is lengthy, and not included here.
The final expression for the electric field at (i,7) testing point E?; due to currents and

charges in the (i £ I)** segment (I > 0) can be written as

dmeack] ;|ix =

Bolizi j-241 + Braligrj-u + Baalivt j-21-1
-2A4-3

+Bailitj—ai-2+ Bag D Ltk (236)
k=1

where the coefficients are given by

Boy = --‘%sinh‘1 Varyt -1+ -i-sinh“l[(ﬂ - 1)3]
(20-1) @W-1)p?-1

7 (2= 1% + 1P (237)
By = %{2 sinh™! 1/41242 — 1 — sinh™ /(21 + 1)292 = 1 — sinh~1[(21 — 1)#]}

(2-1)(24° +1)
2[(2l - 1)292 + 1372 (238)
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B, < lpl@sles VI IR =1
*’ ¢ AP + /AR =1
e e N O ]

M@ )+ VAT D -
_(2r+1)[(4z+3)¢=—11 (21 =1y )
o2+ 2R 4+ 1P T (21— 1292 + 173
By = ;lb-sinh"l[(2l+ l)yb]—-i-sinh"\/(ﬂ-in 1592 - 1
(A~ 1)¢? (21 +1)(2¢* + 1)
HEI- 1w + 1A T @+ 1)+ 1P (240)
9 -1 o+1
By = "’2{[(2;_1)%24_1]312 [(2”1)%2“]312} (241)

During the computation process, the contribution to E}; from the ith sepment is calculated
using (231). As the current I; ; is unknown at (i, 7) testing point, the Aol; ; term is neglected
in this calculation. This term is taken care of when the current I; ; is calculated, as described
in the next section. Contribution to E?; from all the other segments is calculated using
(236). All these contributions, when added together, give the electric field at (i, ) testing

point due to all (known) top wire currents and charges.

5.3.4 Code Description

The stepping-in-time numerical solution described in the previous section was implemented
in FORTRAN. A listing of the code named VDIP is given in Appendix E. The VDIP code is
briefly described in this section. Some of the equations derived in the previous section were
modified to increase the speed of computation and reduce round-off errors. Such changes
are also described in this section.

The expressions for the scattered field due to top wire segments in (231) and (236)
involve a summation of currents. Computation of this summation at each time step is

avoided by replacing it with a quantity related to the charge at ith segment boundary Q;;,
defined as

Z Lp = Tig1pe (242)

It should be noted that Q;; accounts not only for the charge due to ith segment currents
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but also for the charge due to (i + 1)** segment currents. Hence, some of the coefficients in
(232)-(235) and (237)-(241) should be modified accordingly.

The coefficient Ag is not contributed by any charge and is therefore left unmodified.
The term “self-charge” is used to describe the charge accumulated at the two boundaries
of a segment due to its own currents. The charge accumulated at the two boundaries of
a segment due to currents in the neighboring segments is called “neighbor’s charge”. The

coefficients A; and Ay include only self-charge at both boundaries. The coefficient A3 is now
modified as
P2 ,
A3 = —W {243)

and the expression (231) is re-written as

4meackl;|i =

Aol + Al jo1 + Agly j—a + As(Qij-3 = Qi-1,j-3)- (244)

Hence, the term A3 accounts for both self- and neighbor’s charges at both boundaries of
ith segment. In VDIP code, coefficients Ag — A3 are denoted by ASELO-ASEL3, coefficients
By, —~ B4y by AMUTO(L)-AMUT4(L) and f;; by C(1.J).

The coefficients By; — By in expressions (237)-(241) include only self-charges at both
boundaries of the (i + !)** segment. Consider the (i 4+ 1)** segment. The effect of the
self-charge due to (i 4 1)t* segment currents at the i** boundary is already accounted for,
up to (j — 3) time step, by AaQi;j-a. Therefore, the contribution from self-charge at the
it* houndary should be excluded from B;,,Bs; and B;;. However, Bo,; and By, will
continue to carry these contributions. All coefficients from Ba; to By, will continue to
carry the self-charge contributions from the (i + 1)** boundary. By, and By, do not have
such contributions. Further, the neighbor’s charge contribution at the (i + 1)** boundary
is added to By,;.

When this procedure is extended for a general (i & [)*? segment, one finally obtains the

following expressions for the scattered field:

41I'£GCE'!J|,':H =
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Boligtj-241 + Braligrj-u + Bapdisyj-21-1

+Ba 1Lt j-2t-2 £ By Qixt j~2t-3 (245)

where the coeflicients are given by

1
Boy = -%sinh‘l\/‘mw’—1+Esinh‘l[(2l—1)1,0]

(2A-1) @-1g*-1
2 [(20 - L)% + 172

By = -11;{25inh‘11/412¢‘—1—sinh‘1\/(2l+1)7¢’—1—sinh‘l[(2l—1)1,b]}

(2 = 1)(2¢* + 1)

(246)

2[(21 — 1)3¢2 + 132 (247)
B, = Ly [@+De+ VOFTHT-T]
Ty Y+ VAEE = 1
_L (@t + JERFIPETF 1j
v |(A+ 1)+ JERIF I -1
(24 1)[(4d + 3 - 1] (248)
Toof(2d + 1)2¢2 + 1312
By = -:l;sinh“[(ﬂ + 1)) - %sinh‘l Jarre -1
20+ 1)(29* + 1)
T+ 1)292 + 1) (249)
By, @2+ 1)y (250)

S (ISR

The only exception is the field scattered from the first segment on top wire. This
particular segment does not have any charge whatsoever at its left-hand boundary (which is
also one terminal of the antenna). Therefore, all contributions from the left-hand-boundary-
charge (if any) should be eliminated from all the A-coefficients when ¢ = 1 and from all the
B-coefficients when { — ! = 1. This modification is quite straightforward and made directly
in the VDIP code. Tables 2-4 summarize how the self- and neighbor’s charges are taken
care of.

In the VDIP code, it is assumed that 8, < 90°. Therefore, for every testing point i,
there is a bottom wire segment with a peaked r curve, denoted by /p;. For all testing points

(i=1,...,N), I is determined using (195). Values of s;x and R,p in (197) and (198) are
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time step | (i — 1)*® boundary | i** boundary
self | neighbor's | self | neighbor’s
J b3 X x X
i-1 A Boa Ay Boa
i=2 | Az By, Aq B
<j-3 | A3 Ay As Aa

X = no charge

Table 2: Allocation of charges at the two ends of the i** segment

time step | ** boundary | (i + 1)'® boundary
self | neighbor’s | self | neighbor’s

j—1 Boa Ay X X
j -2 Bl,l Az X X
j—3 Az As Baa Bo,
i—=4 | As 43 By, %

£i=51 43 As B4 By

x = no charge

Table 3: Allocation of charges at the two ends of the (i + 1)t* segment

time step | (i +{ — 1)** boundary | (i +{)*® boundary
self neighbor’s | self | neighbor’s
j—20+1 | Boy By X X
j=2 By B X X
j=2-1 | Byt By By Bo 141
j=20-2 | Byt Byi-1 B3y By
<j—2-3| By By By By
x = no charge

Table 4: Allocation of charges at the two ends of the (i + [)** segment
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also calculated for each i and normalized so that ¢, = sy /(cAT) and ppr = Rypi/(cAT).
The distance between the i** testing point and the #** bottom-wire segment boundary R,
is calculated according to (207) and normalized so that p;; = Ry /{cAT).

The contribution to 4meacE?® at the ith testing point, from the I** (bottom-wire) boundary-

charge is given by (209). This can be rewritten as

- Di.lqaa T)
acX = AT

where
(20 — 1 —2lcosé,)

P

and ¢(l,7) is calculated according to (210). D;, is represented in VDIP by BCHRG(l,J) and
q(i,7)/ AT by SIGMA(L). TAU(L) denotes 7/AT where 7 is given by (208). Currents on the
Ith and (I + 1)** segments at ¢ = T is given by CL(L) and CR(L), respectively.

Dy =

The contribution from bottom wire currents and charges is calculated as follows. Con-
sider the I** segment and I** boundary where { # I5x. The number of parts in ** segment is
determined first. Ifit is one, computation is done by Module 1; if 2, by Module 2 and if 3, by
Module 3. In each module, the current contribution from each part is determined, according
to (194), by subroutine BCRNT. The inputs to the subroutine are A1,A2,EP$1,EPS2,RHO1
and RHO2, which are in fact equal to Cy, Cy, 81/(cAT), 2/ (cAT), Ry1 /(cAT) and Ry /(cAT),
respectively. The output CONT is equal to ac(Y; + Z;). In each module, these input param-
eters for each part are calculated first, as explained in Section 5.3.2 [see equations (192),
(193) and (200)-(205)]. Then the subroutire is called and contributions from all the parts
are summed. Finally, the contribution from charge at the i** boundary is calculated and
added to the current contribution.

The Iy segment is first divided into two sections at s, (given by (197)). The section
to the right of spi is handled by Module 1A or Module 2A, depending upon whether this
section has only one part or two parts. The section to the left of sy is handled by Module
1B or Module 2B, similarly.

In the stepping-in-time technique, the scattered field due to all currents and charges are

calculated at the (i,7) testing point. Then, the incident field is added to obtain the total
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electric field at (i,7) testing point. Finally, the total field is divided by the surface resis-
tance at i*" segment and the surface current in i** segment at j** time-step is determined.
However, the expressions for the scattered field may involve currents and charges at the %
time-step itself, which are unknown when the scattered field at the (i,J) testing point is
evaluated. Hence, the scattered field at the (3, j) testing point is divided into two parts- the
known part and the unknown part. Obviously, the term Agl;; in expression {244) is one
contributor to the unknown part. This is found to be the only unknown term as far as the
top wire is considered.

The number of unkrown terms in the expression for the scattered field from the bottom
wire depends on the testing point i, 8, and ¢. It can be seen that the expression for the
scattered field at the 1** testing point (on the top wire) created by the segment 1 currents
in the bottom wire involves I ; which is in fact the unknown being calculated. This is
because

Rypkliz1 = cAT sinfy — acosb, < cAT
or

1
sinfy — —cosf, < 1

¥
for all ¥ and 8, (< 90°). Let this unknown term be Ul ;. U is represented in the code

by EXTRA. If the wire is too thick and 6, is too small, a fraction of the charge at the 1%
segment-boundary can be unknown as well. In the VDIP, we assume that this does not
occur. This assumption is correct only if the testing point and the segment-boundary are

separated by a distance greater than ¢AT, i.e.
Ralll:l.s':l > cAT.
Substituting for Ry from (207), one obtains
4—cosly, — Lsinb, + — >0 (251)
v ¢ L ¢2 - Y
It is also assumed that all the necessary bottom-wire currents and charges are known when

the scattered fields at all other testing points (i 3 1) are evaluated. This requires that

Rypiliz2 = 3cAT sin 8, — acos b, > cAT
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or

3sinf, — % cosé, 2 1. ' (252)

The conditions (251) and (252), together with 8, < 90°, set the limitations of the VDIP
code in its present form.

The waveform of the incident pulse is computed by the external function PULSE. The
electric field of the incident puise is assumed to be vertically polarized. The tangential
component of the incident electric field is therefore equal to sin(8,/2) times the incident

pulse. Finally, the current Li; (i #£1)is calculated according to (171). This can be rewritten

as
41reacE,‘: i = 2¢cp;fi; — Aolij
— 47meacE]j|due to known currents (253)
or
aE};
[: = ‘:T,U“' — 4reacE]|due to known currents
0 = - . (254)
iz ~ 40
When i = 1, the current is calculated according to
aE},
_ _3'0"' — dreacE] ;ldue to known currents . (255)

hy = fe—Ao-U

After all segment currents at the j** time step are calculated, the Q;; for the segment

boundaries are calculated according to

Qi = Qi1 + L — Litag- (256)

5.4 Numerical Results

Unloaded and resistively loaded V-antennas are analyzed and numerical results are pre-
sented in this section. Frequency-domain analysis of the antennas is carried out using the

NEC code and the results are presented in Section 5.4.1. The time-domain response of
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the antennas for different incident electromagnetic pulses is calculated using two different
methods. In one method, the frequency-domain results obtained from NEC are numerically
transformed to the time domain using FFT techniques. The other method is using the
VDIP code described in the previous section, to analyze the antennas directly in the time
domain. This method also provides the spatio-temporal distribution of the current and
charge on the antenna for pulse (or arbitrary) excitations. Time-domain results obtained
from both methods are presented in Section 5.4.2.

Numerical results presented in this section are for V-monopoles of 30 em length and 1
mm diameter. This small diameter has to be used in order to satisfy NEC guidelines. The
monopole has a wedge angle of 15°. In the case of the resistively loaded V-monopole, the
loading profile has been determined from the Wu-King formula, as follows. For a monopole

with length { and radius g, the necessary internal resistance at a distance s from the driving

point is given by

r(0)1
() = T (257)
where r(0) is the internal resistance at the driving point given by
=5
r(0) = 2.“_'32(\1!) (258)
in which
¥ = 2[sinh™? % — C(2ka, 2kl) — j5(2ka, 2k1)] + }’-'(1 — I3k (259)
with
£1—cosvu? +a?
, = d 260
Clayz) ]0 e (260)
% sin vVu? + a?
S = —_—d 261
@2 = | “rara (261

It should be'noted that the above expressions have been originally derived for the straight
WK antenna. Nonetheless, it has been found that the value of r(0) given by (258) is
appropriate even for V-antennas. A lower distributed resistance leads to resonant ripples
in the receiving transfer function. Hence, expression (258) has been used to calculate r(0)

of the resistively loaded V-antenna, which gives 2.2 kQ/m for a 30 ¢m long, 1 mm thick

monopole.
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5.4.1 Frequency-Domain Results

The input impedance Z;, of the loaded V-monopole has been calculated in the frequency
range from 10 MHz to 10 GHz, using NEC. Each arm of the V-dipole has been divided into
100 segments in the analysis. The input resistance R;, and the capacitive input reactance
—Xin of the loaded V-monopole are shown in Figure 45. It can be seen that at lower
frequencies, where the monopole is electrically small, the input impedance of the loaded
antenna can be represented by a constant capacitance (= 6.6 pF) and a constant resistance
(= 150 R2), in series. This low-frequency input resistance is almost totally due to the loss
resistance, which is determined by the current distribution along the wire. The current
distribution is virtually constant at low frequencies and, hence, so is the input resistance.

The unloaded and loaded V-monopoles are excited by a uniform plane wave incident
in the boresite direction. For 2 1 V/m incident field, the currents at the short-circuited
terminals [, are calculated and the results are shown in Figures 46 and 47. The resonance
peaks in the unloaded antenna are well reflected in Figure 46. The short-circuit current
of the loaded antenna has a much smoother variation with frequency. A more familiar
parameter of a dipole or monopole antenna is the eﬁ'ectifre height h.gy, which is defined as
the open-circuited terminal voltage for a 1 V/m incident wave, and is equal to I,cZin. The
magnitude of the effective height |k, ;7| of the loaded antenna is shown in Figure 48. This is
constant at low frequencies as for any other electrically-small antenna, but decreases with
frequency in the electrically-large region. Considering the linear-log scale used, one may
notice an interesting phenomenon that this drop of |k.;| is very slow, specially at higher
frequencies.

The receiving transfer function of the antenna is defined as

Rw) = %‘% (262)
where E' is the incident electric field component on the plane of the monopole and Vj,
is the voltage across antenna terminals. This transfer function can be considered as the
terminated effective height of the anterna because the antenna is now terminated with a

finite impedance rather than being open-circuited. |R(w)| is related to the effective area
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Acgs(w) of the antenna by
Acsy(w) = |R(w)EGL(W) (263)

where G (w) is the input conductance of the termination. It is related to the gain G(w) of

the antenna by
Gl = 6 2e20;
(@) = THIR@) G1(w). (264)
The following expression obtained from the Norton equivalent circuit theorem was used
for the calculation of receiving transfer function:
—ﬂ_— (265)
ZatZE

where Zz, is the termination impedance. The receiving transfer function magnitude of the

R(w) =

loaded antenna with different resistive terminations is shown in Figure 49. The phase of
the receiving transfer function is shown in Figure 50. It can be seen that only the 50
termination has broadband receiving characteristics, even though it has the least sensitivity.
The upper roll-off frequency obtained with highly resistive terminations (R; > 5kQ) is
too low for sub-nanosecond pulse reception. The bandwidth provided by the 500 is not
sufficient for most pulse applications. Therefore, one has to look into ways of reshaping the

receiving transfer function. This is done in Section 5.5.

5.4.2 Time-Domain Results

From NEC and FFT

Frequency-domain results obtained using NEC (and presented in the previous section) have
been transformed to the time domain, numerically, using 2 FFT code. Two bandlimited

incident pulse waveforms are considered. One incident pulse has a truncated Gaussian
spectrum given by
. e~0022f*  §<10.2 GHz
Ei(f) = » < . (266)
0, f>10.2GHz
This spectrum has 3dB bandwidth of 4 GHz and it is truncated at the -10 dB level. The

waveform of this incident pulse e}(¢) approximates a Gaussian pulse, as shown by the dotted
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line in Figure 53. The other incident pulse has a rectangular spectrum given by

pigyo | b 7 So6GH: (26)
: 0, f>9.6GHz

and hence the ‘sinc’ waveform shown in Figure 51- dotted line. Among the common ban-
dlimited waveforms, the sinc pulse has the fastest rise time (transition duration) for a given
bandwidth. This particular sinc pulse has a 10-90% rise time of 34 ps and half-magnitude
pulse width (PWHM) of 63 ps.

The short-circuited terminal current waveform i,.(t) of the unloaded antenna excited
by the sinc pulse, incident in boresite direction, is shown in Figure 51. The short-circuited
terminal current of the loaded antenna, under identical excitation, is shown in Figure 52.
The loaded antenna is then terminated with a 500 Q resistive load (such as an oscilloscape
probe). Figure 53 shows the terminal voltage waveform of the antenna, for the approxi-
mately Gaussian incident pulse excitation. Figure 54 shows the same results but for sinc
incident pulse excitation. It can be seen that the output of the antenna has been stretched
considerably. This is mainly due to the relatively larger attenuation of high-frequency com-
ponents, as seen in Figure 49. It should be noted here that v(¢) shown in these figures is
the voltage waveform at the antenna terminals and therefore it excludes the common 20 dB

attenuation of passive 500 { probes.

From VDIP

Some of the time-domain results obtained from the VDIP code are presented below. One
advantage of the direct time-domain analysis is the facility to provide the spatio-temporal
distribution of the currents and charges on the antenna. This allows us to understand the
physics of the system which seems difficult with frequency-domain data alone.

Figure 55 shows the spatio-temporal distribution of the current induced in the unloaded
antenna, when a short Gaussian electromagnetic pulse is incident in the boresite direction.
The terminals of the antenna are short-circuit.ed. Each arm of the V-dipole was divided into

80 segments in the analysis. Figure 56 shows the spatio-temporal variation of charge on the
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same antenna. The incident pulse takes approximately 1 ns to pass the 30 cm long antenna.
During the presence of the incident pulse, the antenna captures some energy and stores it in
the near field. Since the antenna is lossless and the terminals are short-circuited, the only
loss mechanism is due to radiation. Therefore, the current and charge stays for an extended
period of time even after the incident pulse disappears. The current and charge ‘pulses’
travel back and forth along the wire due to reflections at the free ends. As it is difficult
to read the current values form the 3-D plot, some 2-D cross-sectional views are shown in
Figures 57 and 58. Figure 57 shows the current waveform at a few locations on the wire.
Figure 58 shows the current distribution along the wire at a few instances (snap-shots).

When the loaded antenna is excited by a short Gaussian pulse incident in boresite
direction, the spatio-temporal variation of current is as shown in Figure 59 and the charge
is as shown in Figure 60. The terminals are short-circuited. The major difference between
this and the unloaded case is the rapid attenuation of current and charge pulses as they
travel towards the open ends. This must be due to the tapered internal resistance of the
wires. The current and charge pulses virtually disappear at the open ends. Again, Figure 61
shows the current waveform at a few locations on the wire. Figure 62 shows the current
distribution along the wire at a few points in time.

In order to validate the VDIP code, the response of the unloaded and loaded antennas
excited by the sinc pulse is calculated and compared with NEC resuits. As the ideal sinc
pulse is strictly bandlimited and time-unlimited, one has to truncate the waveform at some
point, for time-domain analysis. The incident pulse used for time-domain analysis is shown
by the dotted line in Figure 63(a). It is an approximation to the ideal sinc pulse shown
in Figure 63(b)- dotted line. The short-circuited terminal current of the unloaded antenna
is calculated using VDIP and the results are shown in Figure 63(a). For comparison, the
results obtained from NEC and FFT for the ideal sinc pulse excitation (previously shown
in Figure 51) are shown again in Figure 63(b). It can be seen that the results from the two
methods compare very well. The short-circuited terminal current of the loaded antenna
calculated using VDIP is shown in Figure 64(a), which also compares very well with the
NEC and FFT results shown in Figure 64(b) (as well as in Figure 52).
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5.5 Shaping the Receiving Response

Results presented in the previous section suggest that even the resistively loaded V-antenna
may not be a good pulse receiving antenna. In particular, the upper roll-off frequency and
the bandwidth obtained with the 500 Q probe is not suitable for pulse applications. At
the same time, these results prove our original assumption that at higher frequencies, the
drop of response occurs very slowly with frequency. Hence, we have the option to sacrifice
the peak sensitivity by a small factor and increase the upper roll-off frequency by a larger
factor. However, this should be done in such a way that the final frequency response of
the system is flat over a broad frequency range, unlike those shown in Figure 49. We will
systematically address this problem of re-shaping the receiving frequency response of the
loaded antenna in this section.

Consider a V-monopole terminated only with a capacitance C.. This external capaci-
tance, together with the monopole input capacitance, forms a capacitive voltage divider at
lower frequencies and hence produces a flat transfer function, as shown in Figure 65- dashed
line. Nonetheless, at higher frequencies, the monopole is no longer predominantly capaci-
tive. The capacitance C, virtually short circuits the antenna terminals at higher frequencies
and hence the response drops to zero. The voltage division ratio (at low frequencies) can
be controlled by varying the external capacitance.

On the other hand, if the monopole is terminated with a small resistance R, alone, it
will produce a useful response only at higher frequencies, as shown in Figure 65- dotted
line. This suggests that the low-frequency response produced by C,. and the high-frequency
response produced by R. can be effectively combined by using a series RC termination, The
low- and high-frequency responses can be made equal by selecting proper values for R, and
Ce. The receiving transfer function magnitude obtained with such a Response Equalizer
Circuit (without the probe) is shown in Figure 65- solid line. It can be seen that the response
variation is less than 3 dB for all frequencies up to 10 GHz.

The configuration of a new V-monopole antenna with a Response Equalizer Circuit

(REC) and an oscilloscope probe is sketched in Figure 66. This monopale configuration
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is useful for ground-plane applications such as scattering range measurements. A V-dipole
version can also be implemented for free-space measurements. Now consider the effect of
the oscilloscope probe when it is connected to the V-monopole with the REC. The finite
resistance of the probe obviously affects the response at very low frequencies. For a given
monopole and REC, the lower roll-off frequency is determined by the probe resistance R,.
For a given probe, a flat in-band response can be achieved by adjusting the REC capacitance
C.. This optimization was carried out for 50 2 and 500 £ probes. The reculting receiving
transfer function magnitudes are shown in Figure 67 and the phases in Figure 68. It is seen
that with the 500 © probe, 3-dB bandwidth better than 25 MHz-10 GHz is possible. It
should be noted that at 10 GHz, the monopole is 10 A long.

The above numerical results can be compared with the results obtained for a corre-
sponding WK straight monopole antenna. A 2-cm-long WK monopole has approximately
the same peak sensitivity (= 10 mV/(Vm™')) as the V-monopole with REC and a 500 Q
probe. For 2 1 mm thick WK monopole, r(0) is found from (258) as 16.4 kQ?/m. The
receiving transfer function of this WK monopole was calculated using NEC. The magnitude
of receiving transfer function is shown in Figure 69, for different values of probe resistance
Ry. The phase of the transfer function is shown in Figure 70. Comparing Figures 67 and
69, it can be seen that for a given probe resistance, the new antenna has a much broader
bandwidth and a higher sensitivity than the WK monopole. With a 500 2 probe, the lower
roll-off frequency of the WK monopole is about 50 MHz, the upper roll-off frequency is about
6.5 GHz, and sensitivity is less than 7 mV/(Vm™!) (neglecting the probe attenuation). At
6.5 GHz, the WK monopole is only 0.46) long.

The time-domain response of the loaded V-antenna with the REC and a 500 Q probe
was calculated using frequency-domain data and FFT. The terminal voltage waveform v ()
to the approximately Gaussian incident pulse, shown in Figure 71, closely resembles the
incident pulse waveform ei(). This may be compared with the response of the same V-
monopole but without REC, shown in Figure 53. For comparison, the response of the WK
monopole (with a 500 Q probe) to the same incident gulse is shown in Figure 72, Highly

attenuated low-frequency components have caused the undershoot in the WK monopole
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response. The response of the V-monopole with REC to the sinc incident pulse is shown
in Figure 73. Even this very broadband pulse, which has a width much less than 100 ps,
can be received by the REC-assisted V-antenna without any significant fidelity errors. The
response of the V-monopole without REC, to the sinc incident pulse was shown in Figure 54.

The response of the WK antenna to the same incident pulse is shown in Figure 74.

5.6 Discussion

For a resistively-loaded V-antenna, the slow roll-off of |h.s;| means that a large increase of
bandwidth is possible by sacrificing a smaller amount of sensitivity. In our new antenna,
the REC is used for this purpose. Comparing graphs in Figures 48 and 65, we find that
the bandwidth improvement due to REC is by a factor of more than 10 (without probe)
but the loss of sensitivity is only by a factor of 4. In a resistively-loaded straight dipole
antenna, |keyy] falls-off rapidly at higher frequencies and hence such a trade-off would not
be profitable. Therefore, REC would not be useful with WK and other straight dipole
antennas.

The good lower roll-off frequency of the new antenna, even with a 500 Q probe, can be
explained as follows. Due to the longer length and the V-shape, the V-monopole has a much
higher input capacitance compared with the corresponding WK monopole. Further, at lower
frequencies, the REC capacitance C, is effectively added to the monopole capacitance and
hence significantly lowers the roll-off frequency.

In summary, the WK resistively loaded straight antenna terminated with a readily
avaiiable low-impedance (50 Q or 500 ) oscilloscope probe does not have an adequate
bandwidth for transient field measurements. Therefore, a new broadband antenna based
on the resistively-loaded V-antenna has been developed. With a2 given oscilloscope probe,
the new antenna gives a much broader bandwidth compared with the WK antenna. It is
estimated to have a 3-dB bandwidth from 25 MHz to 10 GHz when used with a commer-
cially available 500 © passive probe (Tektronix P6150). The sensitivity is approximately 1
mV/(Vm~1}, taking into account the 20 dB attenuation of the 500 Q probe. With a 50 Q
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termination, the new antenna has a 3-d8 bandwidth from 110 MHz to above 10 GHz, and
a sensitivity better than 4 mV/(Vm~1).

Wide bandwidth and non-dispersive phase characteristics of the V-antenna make it very
suitable for measuring fast electromagnetic pulses and transients. The width of the pulse
can be as short as 70 picoseconds (or the transition duration of the transient, as short as
35 ps). The antenna with a 500 Q probe is suitable for making measurements up to 40 ns.
BEven with a 50 © termination, measurements can be made up to 9 ns, without noticing
the lower rolling-off effect. Since many time-domain scattering ranges have the operational
time window between 8 ns and 12 ns, the new antenna with a 50 {2 termination can be used
to improve the sensitivity and the resolution of scattering measurements. For comparison,
the 10-mm tall L-antenna described in [39] has a sensitivity of 5.8 mV/(Vm~!). However,
in order to have an operational time window of 9 ns, the antenna has to be at least 135 cm
long!

The new V-antenna can also be used in many time-domain unguided-wave measurement
systems, which require broadband antennas. It also has potential applications in baseband
(impulse) radar and target identification systems. The directivity of the new antenna can

be a limitation in some applications, which require omni-directional antennas.
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Figure 45: Input resistance (R;») and the capacitive input reactance (= X, ) of the resistively
loaded V-monopale versus frequency.
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Figure 46: Short-circuit current of the unloaded V-antenna.
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Figure 47: Short-circuit current of the loaded V-antenna.
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Figure 48: Effective height of the loaded V-antenna.
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Figure 49: |R| of the loaded V-antenna with a resistive termination. R, is the terminal

resistance,
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Figure 50: ARG(R) of the loaded V-antenna with a resistive termination. R, is the terminal
resistance.
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Figure 51: Short-circuit current of unloaded V-anterna to the sinc incident pulse (shown

in dotted line).
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Figure 52: Short-circuit current of loaded V-antenna to the sinc incident pulse (shown in

dotted line).
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Figure 53: Response of the loaded V-antenna to the approximately Gaussian incident pulse
{shown in dotted line). Termination is 500 Q.
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Figure 54: Response of the loaded V-antenna to the sinc incident pulse (shown by dotted
line). Termination is 500 Q.
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Figure 57: Current waveform at different points on an unloaded V-antenna, excited by a
short Gaussian incident pulse. Distance from the terminals to the point is z.
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Figure 58: Snap-shots of the current distribution in an unloaded V-antenna, excited by a
short Gaussian incident pulse.
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Figure 59: 3-D plot of current in the loaded V-antenna, for short Gaussian pulse excitation.
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Figure 61: Current waveform at different points on a loaded V-antenna, exited by a short

Gaussian incident pulse. Distance from the terminals to the point is 2.
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THE V-ANTENNA 155

et) (V/m)

N @ @2 @ % o 9o & @«
- - < = =] < S ? ?
..I.-l.[...ll...,l,.,.l.,.l...l....3
f @
= o
A
C ™ e
" =
el
—_ - )
» Seet?
F o 2w
=t
@
=}
E =
L o
F
- oy
[} — e Eu_’
:‘v—';—\
[ -]
L =
s o
s )
o A
o -
-
F 0
=)
Ill’lltl:lllllilI[‘l'liIII'lllliiillilllilF‘llllIllll‘lllllf!'l'.O
o o~
¥ 2% 8§ ¥ ¢ 8 g g e
=] =} (=} = © o pd = <
|

(vw) ()2

Figure 63: Short-circuit current of the unloaded V-antenna.
(a) from VDIP, (b) from NEC and FFT. Incident pulses are shown by dotted lines.
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Figure 64: Short-circuit current of the loaded V-antenna.
{(a) from VDIP, (b) from NEC and FFT. Incident pulses are shown by dotted lines.
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Figure 67: |R| of the loaded V-antenna with REC. R.= REC resistance, C'.= REC capaci-
tance, R,= probe resistance,
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Figure 68: ARG(R) of the loaded V-antenna with REC. R.= REC resistance, C.= REC
capacitance, R,= probe resistance.
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Figure 69: |R| of the WK-antenna for different terminations. R,= probe resistance.
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Figure 70: ARG(R) of the WK-antenna for different terminations. R,= probe resistance.
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Figure 71: Response of the V-antenna with REC, to the approximately Gaussian pulse.
Probe resistance is 500 Q.



THE V-ANTENNA

164
10.0 1.25
8.0 - 1.00
6.0 - 075
S ] - N
E Z i Z =
4.0 - 050
= ] I <
‘—5 T~
5 B)
2.0 - - 0.25
0.0 - 0.00
—2.0 L L L L B S Y L L B B L I AL O —0'25
0.0 0.5 1.0 L5 2.0 2.5

t (ns)

Figure 72: Response of the WK-antenna, to the approximately Gaussian pulse, Probe

resistance is 500 ).
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Figure 73: Response of the V-antenna with REC, to the sinc pulse. Probe resistance is 500
Q.
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Figure 74: Response of the WK-antenna to the sinc pulse. Probe resistance is 500 Q.



Chapter 6

EXPERIMENTS

6.1 Introduction

Two experimental antennas were fabricated and their receiving characteristics were inves-
tigated. One experimental antenna is similar, at least in principle, to the resistively loaded
V-antenna described in Chapter 5. The other antenna is a Wu-King straight (vertical)
monopole, terminated with a high-impedance electronic circuit. A time-domain antenna
range was built and used to test the two experimental antennas in the time domain. The
V-antenna was also tested in the frequency domain, using a TEM cell and automatic net-
work analyzers (HP 8510B and HP 3577A).

The time-domain and frequency-domain techriques used for obtaining the receiving
characteristics of the experimental antennas are presented in Section 6.2. Section 6.3 de-
scribes the fabrication of the two experimental antennas. Measurement results are given
in Section 6.4, in both time and frequency domains, and they are further discussed in

Section 6.5.

6.2 Measurement Techniques

Since the experimental antennas were expected to be broadband, it was necessary to test

their performance over a wide frequency range. Broadband frequency-domain data can be
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obtained by measuring the response of an antenna to a known incident electromagnetic pulse
and taking the Fourier transform of the response. Such time-domain measurements have two
advantages over conventional frequency-domain measurements: they directly indicate pulse-
receiving performance of the antenna, and unnecessary reflections from objects sufficiently
away from the measurement set-up can be safely removed (gated out). Therefore, the two
antennas were first tested in the time domain. A time-domain antenna range was built
for this purpose. The construction and operation of the time-domain antenna range are
described in Subsection 6.2.1.

The upper frequency limit of the time-domain antenna range depends on the quality of
the transmitting antenna and the ground plane as well as the spectrum of the transmitted
pulse. The lower frequency limit is determined by the physical size of the range. The range
at the University of Ottawa has a lower frequency limit of about 100 MHz. Therefore, an
alternative frequency-domain technique was used to test the experimental V-antenna at
lower frequencies. Two automatic network analyzers and a TEM cell were used for this
purpose. This technique is described in Subsection 6.2.2. The experimental WK-antenna
was too long to be tested in the TEM cell.

6.2.1 Time-Domain Measurements

Time-domain measurements were performed using the time-domain antenra range shown
in Figure 75. The range was built inside an existing anechoic chamber. A 2.3-m high
monocone antenna was built and erected over the ground plane. The half-cone angle of
the monocone antenna is 4.4°. According to expression (1) in Chapter 2, the characteristic
impedance (input impedance if it were infinite) of this antenna is 196 Q. The monocone
antenna was excited by an approximately Gaussian pulse generated by a Picosecond Pulse
Labs (PSPL) 1000C impulse generator. The transmitted pulse was received by the antenna
under test and fed to a Tektronix 11802 digital sampling oscilloscope through 2 8-m SMA
cable. The waveform observed on the oscilloscope was plotted on a HP plotter and was also
stored in a personal computer.

When the monccone antenna is excited by the impulse generator, a current pulse is
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Figure 75: The time-domain antenna range inside the anechoic chamber.
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induced in the antenna. This current pulse propagates along the antenna at the speed of
light. It in turn generates a hemispherical pulsed electromagnetic field in the vicinity of
the antenna. As descrived by expressions (4) and (5) in Chapter 2, the waveforms of the
transmitted electric and magnetic field pulses are identical to the waveform of the impuise
generator. However, in 7.6 ns, the current pulse reaches the open end of the monocone
antenna, and as a result, undesired reflections are generated. The level of these reflections
are kept to a minimum by burring the end of the antenna in absorbing materials. Nonethe-
less, the reflections cannot be totally eliminated and therefore accurate measurements are
possible only within a time window of about 7 ns.

First, the pulse output of the PSPL generator was measured. The generator was con-
nected to the Tektronix 11802 sampling oscilloscope through a SMA cable (which was also
used to connect the receiving antenna and the oscilloscope in the range). The waveform
recorded by the scope v,(t), shown in Figure 76, has 2 PWHM of 520 ps. A commercial sig-
nal processing software package (DaiDisp) was used to process this waveform. The Fourier
transform of the PSPL generator output voltage waveform (through the cable) V;(w), cal-
culated using DaiDisp, is shown in Figure 77. The energy density spectrum of the pulse was
calculated and integrated. It was found that approximately 99% of the energy is below 1.4
GHz. Therefore, the frequency-domain results obtained using this impulse generator may
not be reliable above approximately 1.4 GHz because of the very low signal to noise ratio.

The following procedure was used to compute the frequency-domain receiving transfer
function of the antenna. First, the received signal was recorded during the reflection-free
time window of the range. Then, the Fourier transform of the received waveform V,(w) was

calculated. The overall transfer function in the antenna range F(w) is defined as

Vi(w)
Flw) = . 268
©) = oy (268)
The receiving transfer function of the antenna R(w) is given by
R(w) = ) (269)

-~ AW)
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Figure 76: The output pulse of the PSPL 1000C generator.



EXPERIMENTS 172

SPECTRUM OF THE PSPL 1000C PULSE. THRQUGH SHR CABLE

. . al. . .
.ol R .
‘olo- q-l.. -------- P e N T RN NY P N R N AR preranead
.
"0.0- ---------- LR N R N I N i O S N O A A AT T AT I L I R I R R N A I R A S Y R R R SRR
= R S

= . . |
L . N
—_— . .
= S
3 .
S’l . .

ZOIO- -------- :- -------- : ----- . »:u----n ..........................
. .
.
|.
. .
. .
. .
. .
. .

' L ERLLEEDDS feerannd aur .I ........ Serans setieriaseadaarecres fersasass Seddenind cieandfen Sl d

. + * » . . . Y .
I.
I. .

2.00E+409  3,00E40%  4,00E409  5.00E+09

§ (B2)

0.60E+08  1,00E+09

Figure 77: The spectrum of the PSPL 1000C generator output. Reference level (0 dB)
corresponds to 10~ V/Hz,



EXPERIMENTS 173

where A(w) is the field attenuation in the range given by

Alw) = %;_Eg)l (270)

with E*(w) being the incident electric field at the location of the receiving antenna. Con-
sidering the mismatch at the input of the monocone antenna and using the field expressions
(2) and (3) in Chapter 2, the field attenuation at a distance d from the monocone antenna

is found as (.489/d. The receiving transfer function of the antenna was calculated using

expressions (268) and (269).

6.2.2 Frequency-domain measurements

Frequency-domain measurements of the experimental V-antenna were performed inside a
TEM cell (IFI CC104). The measurement arrangement is shown in Figure 78. The TEM
cell has approximately 45-cm wide and 30-cm high useful area. These dimensions of the
cell allow the propagation of higher order modes at frequencies above 300 MHz, and there-
fore TEM cell measurements are unreliable above 300 MHz. The overall transfer function
(forward transmission coefficient) of the system (S3;) was measured using HP 8510B or HP

3577A network analyzers. The receiving transfer function of the antenna is simply given by
(271)

where h is the half-height of the TEM cell.

6.3 Experimental Antennas

6.3.1 The V-antenna

It is very difficult to realize a tapered distributed resistance on a thin-wire antenna. There-
fore, the experimental V-monopole antenna was fabricated using thin-film technology. A
picture of the experimental V-antenna is shown in Figure 79. A very thin (= 3 mils) re-
sistive layer of a Nickel-Chromium alloy was deposited on a thin flexible Kapton substrate._

The thickness of the layer was kept constant along the length of the monopole. This layer
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Figure 79: Photograph of the experimental V-antenna.
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has a surface resistance of approximately 17 §2/square. The necessary parabolic distributed
resistance profile was achieved by linearly tapering the width of the layer, as done in [35].
The resistive layer is approximately 30 cm long; its width is 1 cm at the wider end. Gold
contacts were also deposited on Kapton in order to achieve a good electrical contact between
the monopole and the REC elements. The thin Kapton substrate was glued to a thicker
(1.5 mm) polycarbonate substrate, which provides the necessary mechanical support.

To realize the REC, a surface mount chip resistor and a ceramic chip capacitor were
connected to the gold contacts. The monopole was placed on a copper ground plane to form
a wedge angle of 15°, with the support of a styroform wedge. A Tektronix P6150- 500

passive probe was used to pick up the voltage induced across the REC.

6.3.2 The Wu-King Monopole

A Wu-King resistively loaded straight monopole antenna was fabricated by depositing a
nickel-chromium alloy resistive thin film on a Kapton substrate. The film has a surface
resistance of approximately 30 Q/square. The required parabolic resistance profile was
realized by linearly tapering the width of the film. The resistive film was 15 cm long and 1
cm wide at the terminal end. A gold contact was also deposited at the terminal, to provide
a good electrical contact between the film and the receiver circuit. The Kapton substrate
was glued to a thicker plastic substrate, which serves as a mechanical support.

For broadband operation, the Wu-King antenna needs a high input impedance termi-
nation. Therefore, a high-impedance FET source follower/ operational amplifier circuit
described in [104] was used at the output of the monopole antenna. This receiver circuit
has an input impedance of the order of 100 M, and a 3-dB roll-off frequency of about 300
MHz. The circuit was implemented on a printed circuit board using surface mount compo-
nents. The monopole was also installed, vertically, on the same printed circuit board. The

input of the receiver circuit was connected to the gold contact in the monopole.
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6.4 Experimental Results

6.4.1 The V-antenna

The V-antenna was first tested in the time-domain antenna range, as explained in 6.2.1.
The distance from the V-antenna terminals to the monocone antenna was 1.8 m. A 100-Q
resistor and a 10-pF capacitor was used in the REC. The signal received by the antenna
is shown in Figure 80. The signal has a PWHM of 568 ps, which compares well with the
520-ps PWHM of the generator pulse. For comparison, the generator pulse (attenuated by
72 dB) is also shown in Figure 80.

It can be seen that the V-antenna is capable of receiving a 520 ps pulse, without signifi-
cant distortions. During the first few nanoseconds, the transmitted and received signals are
almost identical. However, after the major pulse, the received signal exhibits an undesirable
oscillatory response. Since the reflections from the top-end of the monocone antenna and
the edges of the ground plane are not expected for at least 7 ns, this undesired response
must be due to a secondary receiving process associated with the V-antenna. The REC
circuit, copper ground plane and the probe ground plane connector in the V-antenna form
a small loop antenna. At higher frequencies, this loop may be able to pick up a signal and
cause distortions in the received signal.

The response of the V-antenna without REC is shown in Figure 81. As theoretically
predicted in Chapter 5, the received pulse has a larger magnitude and a stretched trailing
edge (See Figures 53 and 71 for theoretical results).

The frequency-domain receiving response of the V-antenna was computed from the
time-domain measurement results, using the FFT. The antenna response measured in the
time-domain range may contain undesired reflections 7 ns after the major pulse. Therefore,
the received signal was truncated at 7 ns from the beginning of the major pulse. Then,
the FFT of the received signal was computed using DaiDisp signal processing software, and
the receiving transfer function of the V-antenna was evaluated using (268) and (269). The
receiving transfer function of the V-antenna, with 100 © and 10 pF REC elements, is shown

in Figure 82. Also shown are the spectra of the transmitted signal |V;(w)| and the received
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RESPONSE OF THE V~ANTENNA (WITH REC) TQ PSPL PULSE
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Figure 80: The time-domain response v,(2) of the experimental V-antenna, with REC. The
generator pulse vy(t) (attenuated by 72 dB and aligned on the rising edge) is also shown
for comparison,
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RESPONSE OF THE V=ANTENNA MITHOUT REC
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Figure 81: The time-domain response v.(t) of the experimental V-antenna, without REC.
The generator pulse vy(t) (attenuated by 63.5 dB and aligned on the rising edge) is also

shown for comparison.



EXPERIMENTS 180

RECEIVING TRANSFER FUNCTION OF THE Y-ANTENNA
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Figure 82: The receiving transfer function | R(w)] of the experimental V-antenna, with REC.
The spectra of the transmitted signal |V (w)| and the received signal |V;(w)| are also shown.



EXPERIMENTS 181

signal {V,.(w)|. In the frequency iange from 100 MHz to 1.3 GHz, the variations in | R{w)| are
within :3 dB. The average value of | R(w)| in this frequency range is approximately -59 dB
or 1.12 mV/(Vm~1), which compares well with the theoretical estimate of 1.0 mV/{(Vm~1)
for a thin-wire V-antenna (Chapter 5). In the frequency range from 1.3 GHz to 3.0 GHz,
the variations in |R(w)| are within +6 dB. However, the frequency domain results are
not reliable above 1.4 GHz, as the generator output pulse has 99% of its spectral energy
below this frequency. Reliable high-frequency data can be obtained using faster impulse
generators, which are very expensive and not available to the author.

The V-a.ntenna was tested also in the frequency domain, using the TEM cell and net-
work analyzers, as explained in Subsection 6.2.2. The forward transmission coefficient |Sy]
was measured in the frequency range from 45 MHz to 500 MHz using a HP 8510B net-
work analyzer, and the results are shown in Figure 83. The V-antenna REC resistance
and capacitance were 220 ! and 22 pF, respectively. As described in Subseciion 6.2.2,
these measurement results are questionable at frequencies above 300 MHz due to possible
overmoding of the TEM cell. At lower frequencies, only the TEM mode propagates and
therefore the transmission coefficient S3; represents the receiving transfer function R(w) of
the antenna, according to expression (271). It can be seen from Figure 83 that the variation
of the receiving transfer function is within & 0.7 dB, in the frequency range from 100 MHz
to 300 MHz.

~The transmission coefficient (inside the TEM cell) was measured at lower frequencies,
using a HP 3577A network analyzer. The magnitude and phase of S;; are plotted in
Figure 84, from 1 MHz to 200 MHz. The low-frequency roll-off of the antenna response
can be seen in this figure. The 3-dB roll-off frequency was found to be 33.5 MHz. For

comparison, the theoretical value for a thin-wire V-antenna is 25 MHz (Chapter 5).

6.4.2 The Wu-King Monopole

The Wu-King straight monopole was tested in the time-domain antenna range, as explained
in 6.2.1, with the monopole placed at 2 m from the monocone antenna. The signal received

by the monopole antenna, during the initial 10 ns period, is shown in Figure 85.
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Figure 83: The transmission coefficient |Sy;| of the experimental V-antenna inside the TEM
cell, measured using the HP 8510B network analyzer.
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Figure 84: The transmission coefficient S3; of the experimental V-antenna inside the TEM
cell, measured using the HP 3577A network analyzer.
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RESPONSE OF THE WU~KING HONOPOLE TO THE PSPL PULSE
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Figure 85: The initial time-domain response v.(t} of the experimental Wu-King antenna.

The generator pulse v,(t) (attenuated by 52 dB) is also shown for comparison.
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Frequency-domain receiving characteristics of the straight monopole were obtained using
DaiDisp software and FFT techniques, as for the V-antenna. The receiving transfer function
| R{w)| of the straight monopole antenncz. is shown in Figure 86, in the frequency range from
100 MHz tc 2 GHz. The antenna has a sensitivity of -33 dB, or 22 mV/(Vm™!). The 3 dB
upper roll-off frequency is approximately 300 MHz, which corresponds to the upper roll-off

frequency of the active receiver circuit.

6.5 Discussion

As shown in 6.4.1, the experimental V-antenna is capable of receiving a 520 ps electro-
magnetic pulse without significant distortions. The pulse has a 99% spectral content at
frequencies below 1.4 GHz. Therefore, the antenna is expected to be receiving without
distortion at least up to 1.4 GHz. For the evaluation of receiving characteristics at higher
frequencies, one would have to use a faster pulse generator.

In the experimental V-antenna, the REC was implemented using lumped elements.
Since the frequency responses of the chip resistors and capacitors were not available from
the supplier, they were measured using a HP 8510B network analyzer. The chips were
soldered between the inner outer conductors of a 3.6-mm, 50-Q coaxial line open end. The
reflection coefficient at the other end of the coaxial line was measured using the network
analyzer. Connector reflections were eliminated by gating the time-domain response. The
attenuation and time delay caused by the coaxial line were compensated for, using display
enhancement fanctions in the network analyzer.

Figure 87 shows the measured reflectiorn coefficient S); for a nominal 100 Q surface
mount chip resistor. The same data are plotted on a Smith Chart, in Figure 88. The
tested chip resistor had a DC resistance of 98 Q, which dropped to 79 Q at 10 GHz. The
capacitive reactance of 18 {2, measured at 10 GHz, may be partly due to the fringe-field
capacitance of the coaxial line open end. The drop of the resistance from 98 Q to KLRY

should not cause a significant deterioration in the REC performance.
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Figure 86: The receiving transfer function |R{w)| of the experimental Wu-King antenna.
The spectra of the transmitted signal |V,(w)| and the received signal |V,(w)] are also shown.



EXPERIMENTS 187

S11 lag MAG S11 L
REF 0.0 dB REF @.Q ©
10.0 dB/ 1 45.0 °/
i -9.7861 dB V e.0
hp
b
c
W G‘L~—-— o’
5}
) D
-~ ARG(Su)
N
2
L.
b= O d8
i |Sul
— 11
g 1+ — e —
)

START 2.94500000@ GChz
sTORP 18.045000000 GHz

Figure 87: The reflection coefficient Sy; of a 50-Q open-ended coaxial line, with a 100
chip resistor attached.
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Figure 88: The reflection coefficient Sjy and the input impedance Z of a 50 Q open-ended

coaxial line, with a 100 § chip resistor attached.
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Several surface mount ceramic chip capacitors were also measured similarly, and a res-
onance phenomenon was observed in all cases. The worst results were obtained with a 100
pF capacitor, which resonated at 560 MHz. These results are shown on a Smith Chart in
Figure 89. The 10 pF capacitor used in the V-antenna resonated at 1.6 GHz. It was noted
that all the measured chip capacitors had a parasitic inductance of about 1 nH. Since the
chip capacitor behaves like an inductor at higher frequencies, it can effectively open-circuit
the REC. This may profoundly change the performance of the V-antenna. The effect of the
parasitic inductance on the receiving transfer function of the antenna is to be evaluated.

In the V-antenna, the REC, the ground plane and the ground plane connector for the
oscilloscope probe form a triangular loop that is perpendicular to the incident magnetic
field. This loop has an area of approximately 0.5 em? and hence can pick up a voltage
of about 1 mV/(Vm~!) at 1 GHz. This induced vcltage is 90° out of phase relative to
the incident field, and it drops across an inductive reactance of about 100 Q (due to the
self-inductance of the loop), the impedance of the chip capacitor (very small at 1 GHz), the
resistance of the chip resistor (100 Q) and the input impedance of the probe (500 Q). It
develops a voltage of about .85 mV at the probe input (for a 1 V/m incident field). Taking
into account the 20 dB attenuation of the probe, this secondary path can generate a signal
of about .085 mV/(Vm™!) at the output of the antenna, at 1 GHz. This is approximately
7.5% of the desired output (primary signal) of the antenna. The secondary signal is out of
phase with respect to the primary one and is frequency dependent. Thus, it could contribute
to the undesired oscillations of the antenna time-domain response. The physical length of
the REC and the area of the loop should be minimized in future designs.

In summary, an experimental V-antenna was fabricated and measured in both time
and frequency domains. This antenna is capable of receiving a 529-ps Gaussian pulse,
without significant distortions. In the frequency domain, the antenna has a sensitivity of
1.12 mV/(Vm~!) and a flat receiving response from 35 MHz to 3 GHz. It was not possible
to measure the response beyond 3 GHz, due to limitations of the pulse generators available.
However, it is suspected that the resonance of the chip capacitors used in the antenna

might cause problems at higher frequencies. An experimental Wu-King straight monopole
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was also fabricated and tested in the time-domain range. This antenna was too tall for
the TEM cell and therefore was not tested in the frequency domain. It has a sensitivity of

22 mV/(Vm~1!) and a upper roll-off frequency of about 300 MHz, which is limited by the
bandwidth of the active receiver circuit.



Chapter 7

FINAL WORDS

7.1 For the Future

The novel subnanosecond pulse-receiving antenna presented in Chapter 5 is an example
which illustrates the possibility of achieving a broad non-dispersive bandwidth using resis-
tively loaded V-monopoles (or dipoles) and passive support circuits. One may optimize the
wedge-angle &, (or V-argle §,) and the REC parameters R, and C., for better performance.
This optimization requires heavy computing resources and is to be done in the future. The
passive 500§ probe used in one of the new designs is nothing but a lumped 4509 resistor
connected to a 50 { coaxial cable, in series, Therefore, the probe also functions as a 10:1
voltage divider. Ore may replace the probe by a different resistor and a 50 Q transmission
line. Such a design will allow one to alter R, and the voltage division ratio and hence
compromise the lower roll-off frequency of the antenna against sensitivity.

The most general V-antenna is indeed a resistively loaded “TEM” horn with arbitrarily-
shaped plates and a Response Equalizer Circuit. The analysis and optimization of this two-
dimensional structure needs extensive computing power. With the availability of powerful
workstations and efficient numerical techniques, it might be practical in the near future.

A major difficulty was observed when accommodating a complicated lumped circuit,

such as the REC and the probe shown in Figure 66, in a time-domain algorithm. First,

192
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such terminations are hard to implement in the algorithm. Then, whenever the value of one
of lumped elements is changed, the whole calculation has to be repeated, making it very
inefficient. This problem does not arise in the frequency domain, thanks to the Norton (or
Thévenin) equivalent circuit solution. All one needs to know is the short-circuit current
I, (or open-circuit voltage V,.) and the input admittance Y, (or input impedance Z,) of
the antenna. Tken, the frequency-domain receiving response can be calculated for any
complicated termination using these equivalent circuits,

One may analyze the transmitting and receiving antenna in the time domain, and then
obtain frequency-domain Norton parameters Y; and I,. using FFT. After calculating the
frequency-domain receiving response for a given termination using Norton's circuit, the
time-domain receiving response can be ohtained with the help of IFFT. Nonetheless, this
procedure is not only awkward but also has some limitations. To apply FFT, one has to
calculate the terminal current waveform of the transmitting and receiving antenna until it
virtually diminishes. Or else, the response has to be windowed and it will add more errors
to the final result.

Alternatively, one may apply the Norton’s equivalent circuit principle directly in time-
domain, and hence avoid the FFT and IFFT operations. The use of Norton’s equivalent
circuit, directly in time domain, may not have been discussed in the literature. Therefore,
it is outlined here.

Consider the receiving antenna shown in Figure 90(a). The objective is to calculate
the load voltage waveform vz(t) for an arbitrary load, without switching to the frequency
domain. The frequency-domain Norton equivalent circuit for the terminated receiving an-
tenna is shown in Figure 90(b) where I,.(w) is the frequency-domain short-circuit current
and Yo(w) is the antenna admittance. The frequency-domain load voltage Vi (w) is given
by

[Ya(w) + Ye(@)Ve(w) = Lo(w). (272)

This expression when transformed to the time domain, resuits

[¥a(?) + yr(8)] * vr(t) = iuc(t) (273)
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where {,.(t) is the short-circuited terminal current of the receiving antenna (shown in Fig-
ure 90(c)), ya(t) is the input carrent of the antenna for an input voltage impulse (shown in
Figure 90(d)), and yr(t) is the input current of the termination for an input voltage impulse

(shown in Figure 90(e)). The asterisk indicates the convolution operation, defined as

00

2(2) » h(2) = j _=(t - B)A(0)ds. (274)

If the two signals are causal, i.e.
z(t) = A1) =0, 1 <0,

this simplifies to
2(2) % h(2) = jo  2(t - 6)h(8)ds. (275)

As ya(t), y(t) and vr(t) are all causal, equation (273) is essentially a Volterra integral
equation of first kind [105]. Its solution can be expressed as

vL(t) = [a(2) + yr(8)] #~1 ise(2) (276)

where »~! indicates the deconvolution operation. Various numerical deconvolution tech-
niques have been described in the literature [106, 107).

i5¢(t) and y,(t) of an antenna can be obtained from a code like VDIP. For some simple
terminations, yz,(¢) may be obtained analytically. Otherwise, Yz (w) can be computed in the
frequency domain, and then transformed using IFFT. In either case, it may be convenient

to “smooth” yr(t), by convolving it with another pulse z(t), such that
yL=(t) = yr(t) * 2(2).

The waveform of z(t) is arbitrary as long as it covers the whole frequency spectrum of the
incident pulse waveform e'(t). Nonetheless, it may be convenient to use the same pulse
waveform for both z(t) and €'(t). The transmitting antenna response is also smoothed

accordingly, i.e.

Yaz(t) = ya(t) » z(2).
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Physically, y,z(2) is the input current of the transmitting antenna for an input voltage
with waveform z(t). yrz(t) is the input current of the termination for an input voltage
with waveform z(t). They can be numerically evaluated more easily, when compared with
¥a(t) and yr(t), due to the lack of singularities. Finally, the load voltage waveform vy(t) is

obtained by numerically solving the following deconvolution problem:

vL() = [Yas () + yre(®)] 7 [iac(t) » 2(2)] (277)

If vz (t) is needed in the time interval 0 < ¢ < 1,, one has to calculate y,z(t), yrz(t) and
i5c(t) only in this time interval. This is one advantage of using Norton’s equivalent circuit
in the time domain. In the frequency-domain approach, one has to calculate y,(t) and ¢,.(2)

until they virtually diminish.

7.2 Conclusions

It was shown in Chapter 3 that a circular loop antenna with a uniform distributed resistance
has a broad receiving bandwidth, at least for uniform plane waves incident in 8 = 90°,¢, =
180° direction. Nonetheless, the antenna is dispersive and is therefore not suitable for the
reception of electromagnetic pulses or transients. One may consider the use of loop antennas
with nonuniform resistive and reactive loads, for the reception of pulses.

The WK nonreflecting straight dipole, when terminated with a 50 Q transmission line,
does not have a sufficient bandwidth for the reception of electromagnetic pulses. One
way of increasing the bandwidth is by increasing the distributed resistance. This type
of design gives a broader bandwidth at the expense of the receiving sensitivity. Broader
bandwidth can also be achieved, without sacrificing sensitivity, by terminating the WK
antenna with a high-resistance load. Although sach a design promises better semsitivity,
an active (electronic or optical) transducer is needed to realize the high input resistance.
The WK antenna terminated with a highly resistive load has the ‘maximally fiat’ frequency
response close to the upper roll-off frequency.

As a solution to the problem of receiving sub-nanosecond pulses and transients, a new

broadband antenna has been developed as described in Chapter 5. This antenna consists of
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a resistively-loaded V-dipole or monopole, a Response Equalizer Circuit and an oscilloscope
probe (or other termination). For a given oscilloscope probe, the new antenna has a higher
sensitivity and a much broader bandwidth compared with the WK antenna. It is estimated
to kave a 3-dB bandwidth from 25 MHz to 10 GHz when used with a commercially available
500 Q passive probe (Tektronix P6150). The sensitivity is approximately 1 mV/(Vm=!),
taking into account the 20 dB attenuation of the 500 Q probe. With a 50 {2 termination,
this antenna has a 3-dB bandwidth from 110 MHz to 10 GHz, and a sensitivity better than
4 mV/(Vm~1),

The wide bandwidth and non-dispersive phase characteristics of the V-antenna make
it very suitable for measuring fast electromagnetic pulses and transients. The width of
the pulse can be as short as 70 ps (or the transition duration of the transient, as short as
35 ps). The antenna with 500  probe is suitable for making measurements up to 40 ns.
Even with a 50 Q termination, measurements can be made up to 9 ns, without noticing
the lower rolling-off effect. Since many time-domain scattering ranges have the operational
time window between 8 ns and 12 ns, the new antenna with 50  termination can be used
to improve the sensitivity and the resolution of scattering measurements. For comparison,
the 10-mm tall L-antenna described in [39] has a sensitivity of 5.8 mV/(Vm~!). However,
in order to have a operational time window of 9 ns, the antenna has to be at least 135 ¢m
long!

The new V-antenna can also be used in many time-domain unguided-wave measurement
systems, which require broadband antennas. It has potential applications in baseband
(impulse) radar and target identification systems. The directivity of the new antenna can
be a limitation for some applications, which require omni-directional antennas.

An experimental thin-film V-antenna has been fabricated, and measured in both time
and frequency domains. This antenna is capable of receiving a 520-ps approximately Gaus-
sian pulse, without significant distortions. It has a sensitivity of 1.12 mV/(Vm~!) and a
flat receiving response from 35 MHz to 3 GHz. At present, it is not possible to measure
the response beyond 3 GHz, due to limitations of the pulse generators available. An experi-

mental Wu-King straight monopole has also been fabricated and tested in the time-domain
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range. It has a sensitivity of 22 mV/(Vm=!) and a upper roll-off frequency of about 300

MHz, which is limited by the bandwidth of the active receiver circuit.
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Appendix A

The Generic Part

The expression for the electric field produced by the current in the generic part is derived

in this appendix. For convenience, the expression for current in (187) is rewritten as

I(s,7) = ¢+ 7R, (278)
where
Re2C1 — RaCy
= 279
¢ Rs2 — Ra (279)
Ca—Cy
= —— 280
7 Ry2 - Ry (280)
Substituting this in (180), one obtains
_ [ncos8] [Ccos8,] | [2nzizisin®8,] [2(ziz;sin?4,)
eY(s) = -~ z, A + 75 + A
+[2nz; sin? 0,,]-;—:‘, + [2¢z; sin? Gu]Ri‘:. (281)
The expression for R, is
R, = [s? + 25(z; — zicos 8,) + =} + 2? — 22,z; cos 8,)1/2. (282)

Expression (281) is to be integrated with respect to s, between the limits s; and s,. Using

tables of integrals, it can be shown that

2
e, = / cY(s)ds

1

210
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= —pecosf.ln (R.z +3s2+ 2z - z.-cosau)
= TSR Ra +81 + 2~ zicos b,
1
2ncos 8, ) 2 8, —z; ( -——-)
+ 7 (Rﬂ R.ll + 7](27; €08 ) Ro2 Ral
1 1
+¢ cos &y, (R "R ) + ((z1cos 8, — ;) (Ef: - E) (283)
where
Ry = [83 4 281(2; — 2 cosby) + o} + z? — 2z;7; cos ,]'/? (284)
Ry = [s3 4+ 2s3(z; - zicos8,) + zF + 27 — 222 cou §,]'/2. (285)

Substitution of expressions (279) and (280) into (283) leads to

cY; = -—cosé (Cz-Cl )ln(Rs2+82+x1—x.-cosou)
L "\Ry - Ra Ry + 81 + 21 — z; cos b,

+ cos 90 (20181 + 20282 _ 0182 _ Cgsl Clis,z CgSgR.[)

Ra-Ra \ Rn Reo R: Ry R, R
z1cos by — 2; ( CiRy2 Can)
————ee { G = C - . 286
Riss2 2 1t Ral Ra? ( )
Rearranging equation (190), one obtains
Cy-C 1 Ca=-C s
— . . 2 2 1 2 1 -~
¢Z(8) = —z;z;sin” 4, (——Ra2 — ) B - z;sin%4, (—R,2 — Rn) B3 (287)
Integration of cZ(s) with respect to s, between limits s, and s2, leads to
23
cZ; = j cZ(s)ds
n
cos by (0282 Cis1  Cis2 Cg&l) z1cos by — Ti,
- - - C2 = Cy).
Rp—-Ra\R2 Ry R Rg * RaRn ° 1)
(288)
Finally, the total field produced by the current in the generic part is found as
_ C:—Cy ) (R.2+82+=z—z;cosﬂu)
(Yot 2) = —cosh, (R.z - R, In Rg + 81 + 2 — zicosd
(282 0181] (2‘[ cosf, ~ z.-) [C1 22 CQR.I]

4+ cosé, T, Rfl Rk (289)
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C THE FOLLOWING CODE CALULATES RECEIVING RESPONSE OF A UNIFORMLY
C RESISTIVELY LOADED LOOP ANTENNA WITH RADIUS*KuKB AND B/A=BBYA.
C NOTE: KB = INT* STEP WHERE INTe ANY POSITIVE INTEGER AND

C STEP IS DEFINED IN SUBROUTINE 'INT® (DEFAULT=.001)

c

C PHIO = DIRECTION OF THE INCIDENT WAVE, BBYA = RADI! RATIO
C 2L = TERMINAL LOAD IMPEDANCE, ZT = TOTAL RESISTIVE LOAD AROUND LOOP.
c

PARAMETER ELIM[T-H')

COMPLEX NC(0:LIMIT), AC(O:LIMIT-1), LC(O:LIMIT=1), YC, SUMC
COMPLEX ISC, sC

REAL KB, NREO:L!M[T;. NI{QO:LIMIT), MMBSIO, MMBSKO

REAL BESNKB(O:LIMIT), B1(2°LIMIT43), LM
PI = 4.%ATAN(1.)

PHIO= 0.

BBYAm 23.6

2L =0

T = 50,

WRITE (*,*) 'RADIUS RATIO = *,BBYA
WRITE (*,%) °WAVE DIRECTION = '.PHIO
WRITE (*,%) *LOAD IMPEDANCE = °.ZL,* OHMS®
WRITE (*,*) *TOTAL LOAD = " 2T,* OHMS®
WRITE (*,*) *LIMIT - 1 = LIMIT=1
DO 1000 Jml, 80

KB =Jv 0%

CALL mi(o.z.-na.wzsxm.aasmr.xea)
IF (IER.NE.0) GO TO 210

NR{O) = LOG(8.*BBYA)/PI - WEBINT/2.
NI g = — BESINT/2.
NC

= CMPLX( NR(0),NI(0) )
DO 200 Ne 1, LIMIT
CN = LOG(4.%N) + 0.5772
DO 220 M= 0, N-1
220 CN = ON = 2./(2.%M4+1.)
CALL INT(N,2.%KB,WEBINT,BESINT, IER)
IF (IER.NE.Q) GO TO 210
2rm(u) = ( CN H u/gsxo(uwaam.:em)-msxo(l.N/aam.renz) )/P1
BINT

~- WE .
c WRITE (*,*) N, NR(N), NR(N)+WEBINT/2.
NliN; = — BESINT/2.
NC(N) = CMPLX{ NR(N),NI(N) )
IF IER1.NE.0; GO TO 2%0
IF (IER2.NE.0) GO TO 250
tgoc: CONTINUE
C CALCULATION OF A(N)'S:
c

AC(0) = KB*NC(1)
C  WRITE (*,*) 0, (1.,0.)/AC(0)

DO 230 N= 1, LIMIT—1

AC(N) = KB*{ nc(nn; + NC(N-1) )/2. = (N**2)*NC(N) /KB
C WRITE (*,*) N, AC(N
230  CONTINUE
c .
C CALCULATING LC(I) COMPLEX VECTOR:
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CALL MMBSJIN (KB,LIMIT+1,B1, [ER)
IF (1ER.NE.O0) GO TO 280
0O 1300 =0, LIMIT
BESNKB(1)= B1(2*1+1)
1300 CONTINUE
o= BESNKB(I)
LC(0) = LM
00 1100 I=1, LIMIT-1
LM = { BESNKB(I~1)- BESNKB(I+1) )*COS(I*PHIQ)
LC(I) = ~1.9CMPLX( COS(I*P1/2.), SIN(I*PI/2.) )M
CONTINUE

1100
D0 1200 I=0, LIMIT-1

¢ WRITE (*,*) I, LC{1)/AC(1)

1200 CONT INVE

C CALCULATION OF APPROXIMATIONS TO Y:
c

SUMC m 1./(ZT+ cwn.x(o.nzo *pIee2)*ac(0))
YC = SUMC*{120.°PI)
YR = REAL(YC)
YI = AIMAG(YC)
YM = SORT(YRw*2+Y]*e2)
YA = ATAN(YI/YR)*(180./P1)
C  WRITE (*,240) 0,YC,YM,YA
0O 260 N= 5, LIMIT—1
SUMC = SUMC + 2./( ZT + CWPLX(0.,120. *PI**2) *AC(N))
YC = SUNC®(120.°PI)
YR = REAL(YC)
Yl = AIMAG(YC)
YM = SORT(YR**24Y1%%2)
YA = ATAN(YI/YR)*(180./P1)
c WRITE (*,240) N,YC,YM,YA
260  CONTINUE
c
C CALCULATE SHORT-CTRCUIT CURRENT:
c

IS¢ = LC(0}/( AC(O) + IT/CMPLX(0.,120.%PI**2) )
DO 2000 I=3,LIMIT-1
= ISC 4 LC(1)/( AC(I) + 2T/CMPLX(0..120.*PI**2) )
2000 CONT[NUE

C CALCULATE RECEIVING RESPONSE SC:
c

sc = 1SC/( YC*2L Etzo PI) +1.)
= EXP( REAL(CLOG(SC
SA = AIMAG( cu.oc(scn (1ao JPI)
WRITE (*,270) KB,YC.S
1000 CONTINUE
240  FORMAT sz.xz.«zx.sis.s))
270  FORMAT (2X,F5.2,4(2X,E13.5))
STOP
210 WRITE (*,*) *ERROR FROM INT-SUBROUTINE'
STOP
250 WRITE (*,*) "ERROR FROM MMBSKO OR MMBS10®



LLOCP CODE 215

STOP

230 WRITE (*.*) *ERROR IN BESNKB'
STOP
END

c

C FOLLOWING CODE RETURNS INTEGRAL OF LOMMEL-WESER AND BESSEL
C FUNCTIONS OF ORDER 2°N OVER THE INTEGRAL FROM 0. TO 2.
C NOTE: Zw INT®STEP WHERE INT= ANY INTEGER GRATER THAN 1

¢
SUBROUTINE INT(N,Z,WEBINT,BESINT, IERROR)
REAL B(82)
c ADJUST DIMENSION OF 8 IF 2N 1S GRATER THAN 40.
STEP = ,001
SUMNER = 0.
IF (N.EQ.0) THEN
SUMBES = .8
ELSE

SUMBES = 0.
END IF

LIMIT = Z/STEP

DO 100 I= 1, LIMIT=1

CALL WEB2NX (N, [*STEP, WEB2N, IER)

IF (IER.NE.0) GO TO 110

IF ({2*N.GT.10).AND. (I*STEP.LE.1.0)) THEN
BES2N = 0,

ELSE
CALL MMBSIN (I*STEP, 2°N#1, B, IER)
BES2N = B(4%N+1)

END IF

IF (IER.NE.Q) GO TO 110

SUMAEB = SUMYEB + WEB2N

SUMBES = SUMBES + BES2N

100 CONTINUE
CALL WEB2NX (N, Z, WEB2N, IER)
IF (IER.NE.O) GO TO 110

IF ((2*N.GT.10).AND.(Z.LE.1.0)}) THEN
BES2N = @,
ELSE

CALL MMBSUN (2, 2°N+1, B, IER)
BES2N = B(4°N+1)

END IF

IF (IER.NE.O) GO TO 110

WEBINT = Esms + HEB2N/2.;'STEP

BESINT = {SUMBES + BES2N/2.)*STEP

RETURN

110 JERROR = 1
END

c
C THIS CALCULATES LOMMEL-WEBER FUNCTION WES(X) WITH ORDER 2°*N
c

SUBROUTINE WEB2NX (N,X,WEB2N, IER)
IER=Q
100 VAL = ((—1.)“M)'((X/2.)“(2'M+1))/(GAWM(REAL(M—N)-!-i.5)‘
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110
c

c
c

2

DIF = Aas(m.gnoo./ws(suu)
IF (MN.GT.33) GO TO 110

N = M1

IF (DIF.GT.1.0E~3) GO TO 100
WEB2N = SUM®(—1.)esN

RETURN

1ER = 1

END

C THIS DETERMINES GAMMA FUNCTION FOR BOTH POSITIVE & NEGATIVE
ARGUMENTS

FUNCTION GAMMAA(X)
IF (X.GT.0.) THEN
GAMMAA

= GAMMA(X)
ELSE

Pl w 4.%ATAN(1.)

Y = PI®(1,=X

GAMMAA = Y/(SIN(Y)*GAMMA(2.-X))
END IF

END

GAMMAA (REAL (M+N) +1.5))
SUM = SUM + VAL

216



Appendix C

SDIP1 Code Listing

217



SDIP1 CODE

L LT Yy T L T L L Lt LT D T Ty o oo
C* .
Ce .
Ce SOIPY .
Ce .
ce L
L L L T Ty T L L L L Lt L L L T T T T T T Ty oo
C DOUBLE PRECISION

C THIS PROGRAM CALCULATES THE CURRENT INDUCED ON A LOADED OR UNLOADED

C LINEAR DIPOLE WHEN EXPOSED TO AN ELECTROMAGNETIC PULSE.

C ONLY BROADSIDE DETECTION IS CONCERNED. IN THE RECEIVING CASE,

C TERMINAL LOAD IS SIMULATED BY LOADING THE CENTER SPACE-SLOT.

c

c
REAL®8 NEXT,SELF
REAL*8 ASELO,ASEL1,ASEL2,ASINH,F,PS1,PI,C,RHO,AEINC,Y,X, DK
REAL®8 ANEX0,ANEX1,ANEX2,ANEX3.ASEL3
REAL*8 AMUTO,AMUT1,AMUT2, AMUT3. AMUT4
REAL®8 RLOAD,SUM,OTHERS,CONT, TOTAL
REAL*8 LEN,RAD,EINC,R,DELZ,DELT
INTEGER RAWGE, TOP, LIMIT, LIMIT1, LIMIT2
c TOP SOULD BE EVEN
PARAMETER (TOP=375, RANGE=30)
OIMENSION C(~RANGE:RANGE,~-2:TOP), RHO(0:RANGE), AEINC(0:TGR)
DIMENSION CS(=-RANGE :RANGE ,-2:TOR}
DIMENSION AMUTO ztmnceg L AMUT1 Ez-mcsg +AMUT2( 2*RANGE )
DIMENSION AMUT3(2°RANGE ) ,AMUT4{2*RANGE
DIMENSION VLOAD(TOP), XX(TOR), AEINC:ETop;. Z(RANGE+1, TOP)
DIMENSION EINC(0:TOP),R{0O:RANGE),TIME(TOR), XX1(TOP)
ASINH(X) = DLOG(X+DSGRT({X**2+1.0))
F1(Y) = ASINH(DSGRT(Y**2%PS]**2~1.00))
Pl = 4.DO*DATAN(1.00)
LEN = 1.D0
RAD = .8/120.00
DELZ= LEN/{2*RANGE+1)
DELT= DELZ/6.D8
PSI = DELZ/(2.DOSRAD)
DO 499 Jmi,TOP
TIME(J) = DELT*J*1.Dg
499  CONTINUE
c
C INCIOENT FIELD DEFINITION; X = PULSE WIDTH IN TIME-STEPS
c

AEINC(0)= 0.D0

DO 500 = 1, 60

EINC(1)= DEXP( -10.00°(TIME(I)-5./6.)%+2)
CONT INUE

DO 510 = 1,60
810  AEINC(I)= RAD*EINC(I)
DO 511 l= &t,TOP
S11  AEINC(I)= 0.D0
c
g DEFINE LOAD RESISTANCE AND RHO(I)

DO 520 I=0,RANGE

500

218
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R(1)=2.40%80.00°7.663/(1.D0 —(DBLE(2*1}/(2.00 range+1.00)))
520 CONTINUE
DO 521 I=0,RANGE
RHO(1)= R{I)*2.DO*PI*RAD
CONTINUVE

RL.OAD =100.4d0
RHO(0)= RHO(0)+RLOAD*PI/PST

c
g INIT.nLIZE ZERO~ AND NEGATIVE= YIME CURRENTS
DO 900 Im =RANGE,RANGE

€(1,0) = 0.D0
c l.—!} = 0.DO

521

[+ I.‘z = 0.D0
C5(1,0) = 0.00
C3(I,~1)= 0.00
900 CS(I,=2)= Q.00

c
g GENERATING COEFFICIENTS

ASELO = -2.DO*F3(1.00)/PSI
ASEL1 = 4.DO*F1(1.D0)/PSI - 2,DO%ASINH{PSI)/PSI

1 + (1.00-3.D0*PS1**2) /{PSI**2+1,D0)**1, 500
ASEL2 = 2.DO®ASINH(PSI)/PS1 = 2.D0*F1(1.00)/PSI
1 ~ (2.D0*PSI**241.D0)/(PS1**2+1.D0)**1.500

ASEL3 = =2.00%PS1*%2/(PSI**2+1.00)**1,.500

DO 301 Kw1,2*RANGE

DK=DBLE (K)

AMTO(K) = =1.00%F1(2.D0°DK) /PST + ASINH((2.D0*DK-1,D0)*PSI)/PSI

+.500%(2.00°0K=1.D0) *{ (4 .DO*DK~1.D0) *PSI**2-1.00)/

((2.D0°DK~1.D0) **2*PS[*92+1.D0) **1. 500

AWTI(K) = 2.DO'FI$2.DO°DK)/PSI ~ F1(2.D0*DK+1.00) /PSI

-ASINH( (2.D0*DK~1.D0) *PS1) /PSI

+.500%(2.00*DK~1.D0) *(2.D0*PS1*92+1.00) /

((2.D0*DK~1,00) **2¢PSI**2+1.D0)**1,.5D0

AMUT2(K) = 2.D0°F1 2.DO‘DK+1.00;/PSI - F1(2.D0*0K)/PS!

~ASINH((2.DO*DK+1.D0) *PS1) /PS]

+(2.D0*0K-1.D0) *PS[**2/

((2.D0*DK=1.D0) **2*RS[**2+1,D0) **1.5D0

=.500%(2.D0*DK+1 .D0) *( (4.00°0K+3.D0) *PSI**2-1.00) /

((2.DO%DK+1,D0) **2*PSI+9241.D0) **1 . 500

AMUT3(K) = ASINH((2.DO*DK+1.D0)*PS1)/PSI = F1(2.D0*DK+1.00)/PSI
+ia.no'nx-1.uo sps1ee2/

((2.D0*0K-1.D0) **2*PS]*%2+1.D0) **1,500

~.5D0*(2.00*DK+1.00)*(2.D0*FSI**2+1.D0)/

((2.DODK+1.D0) **2*PS[*#°2+1.D0) **1.500

AMUT4(K) = =(2.D0*DK+1.D0)*PSI**2/ .

((2.D0%0K+1.D0) **2+¢PSI*22+1.00)**1.500

+(2.D0%0DK=1,D0) *PS1**2/

((2.D0%DK=1.D0) **2*PSI**2+1.D0) **1,500

N =

A= N -

AN =

4N —

301  CONTINUE
c

C START OF CALCULATIONS: SELECT TIME-SLOT
c
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DO 1000 & = 1,TOP
C DEFINE LIMIT
c

Jim 472
IF (JJ*2.EQ.J) THEN
LIMIT = JJ
ELSE
LIMIT = (J-1}/2
END IF
LIMITI = MINELIMIT.RANGE-I;
LIMIT2 = MIN(LIMIT.RANGE+]

SELECT SPACE-SLOT
DO 1010 1= 0, RANGE

CONTRIBUTION TO FIELD FROM VARIOUS KNOWN CURRENTS ARE FOUND FIRST,
FROM SELF=-SPACE-SLOT CURRENTS:

SELF = ASEL1*C(I,J-1)
IF EJ.GE.B SELFm SELF+ASEL2°C(1,J-2)
IF (J.GE.4) SELF= SELF+ASEL3*CS({,J-3)

C FROM OTHER SPACE-SLOTS:
c

OTHERS = 0.D0
DO 230 L= 1, [+RANGE
CONT = 0.D0
IF (J.GT.(2°L=1)) CONT = CONT+AMUTO(L)*C I-bL,J=2%L+1
IF (J.GT.(2°L) CONT w CONT+AMUTT(L)*C(1=L,J=29
IF (J.GT.(2°L+1)) CONT = CONT+AMUT2{L)*C I=L,J=2% -1
L
L

o060 000

IF (J.GE.(2*L+3)) CONT = CONT+AMUT3(L)*C I-L,J=2%L~2
IF (J.GE.{2*L+4)) CONT = CONT+AMUT4 *CS{I-L,J-2°L-23)
230 OTHERS= OTHERS+ CONT
DC 231 L=1,RANGE-]
CONT = 0.D0
IF (J.GT.{2%L~1)) CONT = CONT+AMUTO(L)*C [+L,J=2%L+1)
IF (J.GT.(2°L))  CONT = CONT+AMUTI({L)*C I+L,J-2%)
IF (J.GT.(2*L4+1)) CONT = CONT+AMUT2(L)*C I+L, 4=2%-1
IF (J.GE.(2*L+3)) CONT = CONT+AMUT3(L)*C 14l ,J=-21-2
IF (J.GE.(2*L+4)) CONT = CONT+AMUT4({L *CS{I+L,d-2%L~3)
23 OTHERS= OTHERS+ CONT
220 TOTAL = SELF+ QTHERS

c
g CONTRIBUTION FROM INCIDENT FIELD 1S ADDED.

c IF (I.£Q.0) TOTAL = TOTAL + AEINC(J)/30.00
TOTAL = TOTAL + AEINC(J)/30.DO

C CALCULATE C(I,J)
C(I.4)= TOTAL/( RHoE})£§so.oo-P[)-AssLo )

CS(I,J)=CS{1,J=1)+C
1010 CONTINUE

000
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c
C IMAGE CURRENTS
c

DO 1020 = Q-RANGE,-t
CS(1,Jd)= CS(~1,4)

1020 C(I,J) = C(-1,4)
CONT IRUE

1000
DO 5000 J=1,TOP
xX(J) = TIME(J
AEINC2(J)= EINC(J
VLOAD(J) = C(1,J) Reon® |000.
DO 3010 Twi,RANGE+1
:{000 CONTINUE

e
lé‘ PLOTTING

CALL ANYDEV
CALL PAGE (10.,11.)

CALL NOBRDR

CALL AREA2D {8.,8.)

CALL DUPLX

CALL HEIGHT(0.28)

CALL HEADIN('RLOAD=100, R(0O)=WK, SDIP1.FOR,RANGE=30$',100,.5,2)
CALL HEADIN('LEN=1m,LEN/RAD=240,-10 PULSE,STEPS=375$",100,0.5,2)
CALL XNAME {’'Time (ns)$’,100)

CALL YNAME (°'Current (mA)$', 100)

CALL XTICKS(8)

CALL YTICKS({10

CALL YAXANG{O.

CALL GRAF(0., 2., 10.,-.1,0.1,.4)

CALL THKFRM(.02)

CALL FRAME

CALL CURVE (XX,VLOAD,375,0)

CALL YGRAXS(-.5,.5,2.,8.,'EINC’,-1,6.,0.)

CALL DOT

CALL CURVE (XX,AEINC2,250,0)

CALL Rsseri'oor)

CALL ENDPL(0)

CALL PAGE(8.5,11.)

CALL NOBRDR

CALL AREA2D(SB.,9.)

CALL HEADIN(°®RLOAD=100, R(O)=WK, SDIP, RANGE=30$',100,.5,2)
CALL HEADIN('LEN=wtm,LEN/RAD=240, -10 PULSE, STEPS=375$',100,.5,2)
CALL vOLMID(1.,1.,1.)

CALL X3NAME(*SPACE (m)$*,100

CALL YINAME('TIME (ns)$’,100

CALL Z3NAME('CURRENT (mA)$*,100)

CALL XTIcks(s

CALL YTICKS(4

CALL ZTICKS(8

CALL VUANGL(-150.,45.,25.)2. 10.

CALL GRAF3D(0., .1, .5,0. % ,88 —.1,.1,.3)

CALL SURMAT(Z,1, 31,1,375,0)
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CALL ENDPL(0)
CALL DONEPL
STOP

END



Appendix D

SDIP2 Code Listing
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3300

33

3302

PARAMETER (L=20,Kw250)

DOUBLE PRECISION A,B,PSI,PI,DK,S1K,S2K,T1,72,V,VSUM,C,CSUM
DOUBLE PRECISION X,T,ASINH,F1,F2,SUM1,SUM2, THETA,S10,520,RD,RL
DOUBLE PRECISION ALPHA,VL,LEN,RAD,EINC,R,DELZ,DELT

DIMENSION T1(0:4°L=1), T2{0:4°L-1}, v{0:K),vV(K)

DIMENSION C{=2%L:2%L,0:K}, RD{-2°L:2°L), XX(K), YY{K), XXX(K)
DIMENSION ALPHA{0:K),VL(K},Z(L+1,K/2) ,EINC(0:K) ,R(-2%L:2%L)
DIMENSION TIME(K)

ASINH(X) = DLOG{ X+DSGRT(X**2+1.00) )

F1{T) = OLOG(.500*PSI/DSIN{T)+DSORT(1.D0+(.5DO*PSI/DSIN(T))**2))
1 *{1.00-DCOS(T))

F2(T) = (DSORT(1.D04+{2.D0*DSIN(T)/PSl)**2) - 2.DO*PSIN(T)/PS1 )
1 *(1.00-DCOS(T

OPEN (UNIT=10,FILE="SDIP2*,STATUS="NEW")

LEN = 1.0D0

RAD = .300/120.d0

Pl = 4.D0*DATAN(1.D0)

RL = 100.D00/{120.DQ*PI)

DO 3300 IwQ, 2%L

R{I) = 2.40°60.D0*7.663D0/(1.00 = DBLE(I}/(DBLE{2*L}+1.E-3))
R{=1*1} = R(I)

DELZ = LEN/{4°L)

PSI = DELZ/RAD

DO 3301 Im=2%L, 2°L

RO(I)= R(I)*DELZ/(120.D0*PI)

DELT = DELZ/3.D8

DO 3302 Jmi K

TIME(J) = J*OELT*1.D9

ALPHA{Q) = 0.D0

C DEFINE THE INCIDENT WAVEFORM

c

1100

101

1102

DO 1100 lw1,60

EINC(1) = DEXP(=10.DO*(TIME(1)=TIME(20))**2)
CONTINUE

v(0) = ¢.D0

DO 1101 I=1,80

v{1) = EINC(I)*DELZ

CONTINUE

DO 1102 I=61,K

v(1) = 0.D0

CONTINUE

C CALCULATION OF T1(0) AND T2(0)

c

3100

SWM1 = ,SDO*F1(P1/2.D0
SUM2 = ,5D0*F2(P1/2.00
DO 3100 I=1,999

THETA= DBLE(I)*(PI/2.D3)
SUMI = SUMI+ F1(THETA
SUM2 = SUM2+ F2{THETA

CONTINUE

S10 = 2.DO*PSI*ASINH(2.00/PSI) + 4.DG*ASINH(PSI/2.D0)

1 + 4,D0*SUM1*(P[/2.03)

520 = ~2.DO%DSGRT{ 1.D0+4.D0/PSI**2) — PSI*DLOG(2.DO/PSI +
1 DSQRT{ 1.D0+4.DO/PSI**2) ) +4.D0/PS]

2 ~ 4.D0*SUM2*(P1/2.D3)
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T1{0) = {S10+520 .00*PI*PI
TZ{O; - §20/(—8.%5521°Fl) )

C CALCULATION OF T1{K) AND T2(K)

c

30C0

DO 3000 MK=i,4%L~1
DK = DBLE{KK)
A = DSQRT(DK*OK*PS]I*PSI+1.D0) - DK*PS|
B_ = DSGRT((DK+1.D0)*(DK+1.00)*PSI<PSI+1.D0) = (DK+1.D0)*PSI
IF (KK.LE.5) THEN
S1K = 2.00*PI1*DLOG(A/B)
ELSE
StK = DLOG((DX+1.D0)/DK)*2.D0*PI

1 = {(2.D0%0K+1.D0) /(DK**2% (DK+1.D0) *#2) ) * , 5D0%PI /RS 052
2 + ({DK+1.00)**2+DK**2) (2.D0%DK+1.D0) *3.00°P1
ssm : (DK+1.D0)**45DK**4°16.D0*PS[**4)

F

IF (KK.LE.15) THEN
A = DSORT(DK®*DK + 1.DO/(PSI*PS1))
B_ = DSGRT((DK+1.D0)*(DK+1.00) + 1.00/{PSI*PSI))
52K = 2,D0*FI*(A-B)
ELSE
$2K = = 1.D0 + 1.D0/(2.DODK*(DK+1,00)*PS1*+2)

1 = (3.00°DK®**2+3,D0*DK+1.00)

2 (8.DO*DK* 3% (DK+1.D0) **3*pSI*4)
52K = 2.00°PI*S2K

END [F

Tlilﬂ(; - E(um.uo)‘sm + 52K)/(8.D0*P*P1)
T2(KK) = { DK*SIK + $2K)/(~8.DO*PI*FI)
CONTINUE

C CALCULATION OF CURRENT

c

2000

9010

100

105

DO 1000 N=m1,K

DO 2000 M=N-2%(N/2), 2°L-N+2*(N/2)

NN = MIN(N, 2¢L-M

Md = MIN(N, 2L+

VSUM = V(N) + ,5D0%V(N-WM)

IF (NN.GT.0) VSUM = VSUM + .50D0%V(N-NN)

0O 9000 Im 1,NN-1

VSUM = VSUM + V(N~1)

DO 9010 I= 1,Mi~1

VSUM = VSUM + V{N~1)

CSUM = 0.00

DO 100 I=1, MIN( N~1,2%L-M-1 ;

CSUM = CSWM + ( T1(1)+T2(1-1 +RDEM+I+13/12.DO +RD(M+1}/3.D0
1 +RO(M+I=1}/12.D0 ) * C(M+I,N-1)
CONT INUE

00 105 Iai, ums N=1,2%L +Me1

CSUM = CSUM + ( T1(1)4T2(1=1 +ao(u-:+1g/1z.oo +RO(M~1)/3.00
1 +RO(M-1-1}/12.D0 ) * C(M~1,N-1)
CONTINUE

IF (M.EQ.2°L) THEN

C CURRENT IS ZERQ. ALPHA IS CALCULATED.
c

C(M,N)= 0.00
ALPHA(N) = CSUM - VSUM/2.D0 + .SDO*RLAC{0,MAX(N~2°L,0))

225
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IF (N.GT.4%L) ALPHA(N) = ALPHA(N) — ALPHA(N-4*L)

ELSE
C CURRENT IS CALCULATED.
c

2000
1000

4004

4050

4003

If (M.EQ.0) THEN

C(M,N) = (VSUM/2.D0 = CSUM + 2. oo-ALPHA(mx(N-z-L 0)))
1 /€ 2.00°T1{0) + .SDO*RL
2 fLse + RD(1)/12.D0 + RD(0)/3.00 + RD(=1)/12.00 )
C(M,N) = (VSUM/2.D0 = CSUM — .SDO®RLC(0,MAX{N~M,0))

+ ALPHA(MAX (M+N=-2°L,0)) + ALPHA(MAX(N-M=2°L,0)))
/(2.00°T1(0) + RD(M+1}/12.00 + RD{M)/3.00
+ RO(M-1}/12.00)

Gl By =

END IF
END IF

C(-M,N) = C(M,N)
CONTINUE

CONT [NUE
DO 4004 l=1,
VL(L) = c(o l)-woo /{120.*P1)

(1) @ TG 1)
mi 2 Wik

oo 4050 Iwt,K

wW(I) = V(I)/0ELZ

XXX(1)= TIME(I)

CONTINVE

DO 4005 Imi,L+1

DO 4005 Jw1.K/2

é&l«r"). 1000. *SNGL(C(2° (1-1),2*(J4-1)))/(120.*P1)
DO 9999 Im1,125

9999 WRITE {10.9995) XX(1),Yr(1)
9998 FORMAT{2X,E13.5,2X,E13.5)
g PLOTTING

CALL ANYDEV

CALL PAGE (9.5,11.)

CALL NOBRDR

CALL AREA2D (8.,8.)

CALL DUPLX

CALL HEIGHT(Q.28)

CALL HEADIN(’LEN=im, LEN/RAD=240Q, -10 pulse$',100,.5,2)
CALL HEADIN(®100 Qhm, R(0Q)=WK, LIU3D, L=20, K-250$'.100 0.5,2)
CALL XNAE ('Time (ns)$’,100)

CALL YNAME (’Current (mA)$', 100}

CALL XTICKS(4

CALL YTICKS(8

CALL YAXANG(0.)

CALL GRAF{O.,2.,10.,~.1,.1,.4)

CALL THKFRM(.02)

CALL FRAME

CALL CURVE (XX,YY,125,0)

226
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call ygraxa({-.5%,.5%,2.,8.,’Elne’,-1,6.,0.)
eall dot

CALL CURVE (XXX,VV,250,0)

CALL RESET('DOT')

CALL ENDPL(Q)

CALL PAGE(9.5,11.)

CALL NOBRDR

CALL AREA2D(8.,9.)

CALL HEADIN('100 Ohm, r(Q)=WK, LIU3D, L=20,K=250%"',100,.5,2)
CALL HEADIN('LEN=1m, LEN/RAD=240, -1C pulse$’',100,.5%,2)
CALL VOLM3D(1.,1.,.1.)

CALL X3NAME{'SPACE {m)$',100

CALL YINAME('TIME {(ns)$',100

CALL Z3NAME{®CURRENT (mA)$",100)

CALL XTICKS(4

CALL YTICKS(4

CALL ZTICKS(S

CALL VUANGL(~-130.,45.,25.)

CALL GRAF3D(0., .1, .5,0.,2.,10.,-.1,.1,.3)
CALL SURMAT(Z,1, 21,1,125,0)

CALL ENDPL(0)

CALL DONEPL
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0000000000000 00000000000000000A000GHaOO0000O00000

LA L L L L L T I R L Ry T Y R P Y P YY1

. .
. voIP .
. .

GOSN EARRIRS IO RN RBN RTINS EN RO ERN AR UR ISR ORISR EEINRENNBIEDS

=70 ANALYZE V-DIPOLES/MONOPOLES IN TIME DOMAIN,

—CALCULATES CURRENTS AND CHARGES INDUCED IN A RESISTIVELY
LOADED OR UNLOADED V-ANTENNA.

=EXCITATION IS5 AN UNIFORM FIELD WITH ARBITRARY TIME VARIATION,
INCIDENT ALONG BROADSIDE DIRECTION -or— A VOLTAGE SOURCE WITH
ARBITRARY TIME VARIATION, CONNECTED TO TERMINALS.

=5S0URCE WAVEFORM IS SET BY THE SUBROUTINE “PULSE’.

NOTES: GRAPHING SECTION AT THE END NEEDS “DISSPLA' PACKAGE.
NO EXTERNAL SUBROUTINES ARE NEEDED FOR COMPUTING SECTION.

LEN = LENGTH OF THE V-ANTENNA ALONG (EACH) WIRE (METERS)
RAD = RADIUS OF THE WIRE (METERS)

LENGTH= NUMBER OF SEGMENTS ON (EACH) WIRE

SEG = SEGMENT LENGTH (METERS)

SPACE = SPACE DIMENSION (CENTIMETVERS)

PSI = SEGMENT LENGTH TO DIAMETER RATIO

DELT = TIME SYEP (SECONDS)

TIME = TINE (NANOSECONDS)

STEPS = NUMBER OF TIME STEPS TO GO

PULSE = INCIDENT ELECTRIC FIELD (VOLTS/METER

AEINC w RAD * [NCIDENT ELECTRIC FIELD (VOLTS

THETA = V-ANGLE OF THE DIPOLE (RADIANS), OR
= 2 * WEDGE ANGLE OF THE MONOPOLE (RADIANS)

R(I) = SURFACE RESISTANCE ON(I)TH SEGMENT (OHMS/SQUARE)

RO~ = SURFACE RESISTANCE AT THE DRIVING POINT (OHMS/SQUARE)

RL = HALF THE TERMINAL RESISTANCE OF DIPOLE IN (OHMS), OR
-

TERMINAL RESISTANCE OF MONOPOLE (OHMS).

v0{J) = TERMINAL VOLTAGE OF MONOPOLE (VOLTS), OR
= HALF THE TERMINAL VOLTAGE OF DIPOLE (VOLTS)

QO(J) = NORMALIZED TIME-INTEGRAL OF TERMINAL CURRENT (AMPERES).
= ACTUAL TIME-INTEGRAL/DELT

WRITTEN BY: KARU P. ESSELLE

SREEROER AR VRPN EBINRPNERD

LABORATORY FOR ELECTROMAGNETICS AND MICRCWAVES
DEPARTMENT OF ELECTRICAL ENGINEERING
UNIVERSITY OF OTTAWA

OTTAWA, ONTARIO K1N 6NS

CANADA

COPYRIGHT: KARU P. ESSELLE
JUNE, 1990,

INTEGER STEPS,LENGTH
PARAMETER (STEPS=300,LENGTH=50)

2

]
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DIMENSION R{LENGTH) ,AMUTO(LENGTH) ,AMUT1(LENGTH) +AMUT2 (LENGTH)

DIMENSION AMUTJELENGTH) yAMUT4A(LENGTH) , AMUT48 (LENGTH)

DIMENSION SCHRG({LENGTH,0:LENGTH)

DIMENSION C(LENGTH,0:STEPS),Q(LENGTH,0:STEPS) + TAU{O : LENGTH)

DIMENSION M(0:LENGTH),CL{0:LENGTH),CR(0:LENGTH) + SIGMA(0:LENGTH)

DIMENSION RHO(LENGTH,OG:LENGTH) ,LPEAK(LENGTH) + RHOPK (LENGTH)

DIMENSION EPSPK(LENGTH),Q0(0:STEPS),Q! (0:STEPS)

DOUBLE PRECISION ASINH,X,PSI,PI,AEINC,R,ASELD,ASEL1,ASEL2,ASELS,
AWUTO, AMUT1  AMUT2, AMUT3 , AMUT4A , AMUT48,F1,Y, DK, THETA,
BCHRG.TOTAL.C.Q.RHO.TAU.CL.CR.SIGMA.RHOPK.EFSPK.TAUPK.

RHOA, RHCB, RHOC, U, v, W1 ,W2 ,CD, EPSD, RHQD, CC1 +CC2,RL,RO

1

2

3 EXTRA,CONT,CONT1,CONT2,CA,CA1,CA2,CB, CC, EPSA, EPSB, EPSC,
4

3

1

LEN,RAD, SEG,DELT, Q0

INTEGER M, LPEAK,MPEAK,MDIF,1,J,L, MMAX M8, MC,LPK

REAL XX(STEPS).EI(STEPS),Y1 (STEPS; +Y2(STEPS) ,Y3{STEPS) ,Y4(STEPS),
YS(STEPS), Zt(LENGTH,STEPS), Z2(LENGTH, STEPS), VO(STEPS) ,

2 TIME(STEPS) , SPACE (LENGTH)

c

COMMON I,L,THETA,PSI
ASINH(X) = DLOG(X+DSGRT(X**2+1.00))
El(‘r) = ASINH(DSQRT(Y**2°PS]*%2-1.00))

= 30.0-2
RAD = .5D-3
SEG = LEN/LENGTH
PSI_ = SEG/(2.DO®RAD)
DELT = SEG/E.D8
Pl = 4.DO*DATAN(1.00)
THETA = 30.00*(P1/180.00)
RL = 0.00

RO = 2.2D0%P!
open (unitm10,file="vdip* yStatus="new")

g INITIATE CURRENT AND CHARGE AT Tm0

100

c

D0 100 I=1,LENGTH
Cfl.o} = 0.D0
@{1.0) = 0.D0
CONTINUE

QOEO; = 0.00
Q1{(0) = 0.00

g LOADING PROFILE

200
c

DO 200 Tm1,LENGTH
R(1) = RO/(1.00-(2.00%1-1.D0)/(2.DO*LENGTH))
CONTINUE

C GENERATING COEFFICIENTS
c

ASELO = -2.D0F1(1.00)/PSI
ASEL1 = 4.D0°F1(1.D0)/PSI - 2.DO%ASINH(PSI)/PSI

+ (1.00-3.00°PS1**2)/(PSI**2+1,00)**1.5D0
ASEL2 = 2.D0*ASINR(PSI)/PSI = 2.D0*F1(1.D0)/PS1

- (2.DO*PS[**2+1.D0) /(PSI1**2+1.D0)**1.500

1
ASELT = —1.DO*PSI*#2/{PSI**2+1.D0)}**1,500

230
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LN ]

o0

300
c

400

DO 300 Ke=1,LENGTN
DK=DBLE(K)

ANTO(K) = —1.DO*F1{2.D0*DK)/PSI + ASINH({2.DO*DK=~1.G0)*PS! /P51

—

+.500%(2.D0*0K=1.00)*( (4.D0*DK=1.D0) *PS{*22-1.00)/
{{2.D0*0K~1.D0) **2*PS[**2+1.D0)**1.500

AWUTI{K) = 2.DO'FIE2.DO‘DK)/PSI = F1{2.D0*DK+1.D0) /P51
~ASINH({2.D0*DK-1.,D0) *PS1}/PSI
+.50C*(2.D0°0K-1.00) *(2.D0*"S[**2+1.D0)/
{{2.D00°0K=1,D0) **2%PS| **24+1.D0)**1.5D0

AMUT2(K) = 2.00-F1i2.00*nx+1.no /PSI = F1(2.00*DK) /PSI

1 ~ASINH{{2.00*DK+1.D0) *FSI) /PS1

2 +£2.DO‘DK—I.DO}'PSI"2/

3 ((2.00°DK-1.D0) **2*PSI**2+1,00)**1,5D0

4 =.500°(2.D0*DK+1.00) *((4.D0*DK+3.D0) *PS]%*2-1,00)/

5 ((2.00°DK+1.D0)**2%PSI%*241,D0) **1,5D0

AMUT3(K) = ASINH((2.DO*DK+1.D0)*PS1)/PSI = F1(2.00°DK+1.00)/PS1

1 + 2.bo-nx—1.oog~P51~°2/

2 ((2.D0*DK-1.D0) **2*PSI**2+1.D0)**1.5D0

3 =.5D00*(2.D0°DK+1.D0)*(2.00*PS[**2+1.D0)/

4 {2.D0°DK+1.D0Q) **2%P5[**241,D0) **1,5D0

AMUT4A(K)= (2.DO*DK+1.D0)*PS1e*2/

1 {2.D0*DK+1.DQ) **2*PS[**241.00) **1,500

AMUT4B(K)= =1.D0*(2.D0*DK+1.D0)*PS]s2/

1 ({2.D0%DK+1.D0} **2%PS]**241.00)**1.5D0

CONTINUE

DO 400 I=1,LENGTH
LPEAK( I )= INT{(1-.5DQ)*DCOS(THETA)+.5D0*DSIN(THETA) /PS1)+1
RHOPK( )= (2°]-1 -osxuirnerA -ocosETHETA;/PSI
EPSPK([)m (29-1)*DCOS{THETA)+40S IN(THETA}/PS1=29LPEAK(1)+1
IF (ABS(EPSPK{I)}.GT.1.00) THEN

WRITE (*,%) 'ERROR #1°

n

R -

G0 TO 2000
END IF

IF ((RHOPK(I).LT.1.00) .AND.(1.NE.1)) THEN
WRITE (*,*) 'RHOPK’,I,* LESS THAN 1.’
STOP
END IF

DO 400 L=0,LENGTH
RHO(1,L)= DSQRT(4%L%*2+(2%[—1)9*2~45|#(2%]-1)*DCOS{THETA)
1 —4°L*DSIN(THETA) /PS141/PS1992)
BCHRG(I,L)=m (2%1-1-29L*0COS{ THETA))/(PSI*RHO(I,L) **3)
IF (RHO(T,L).LT.1.00) THEN

WRITE (*,*) "RHO *,I1,",*,L,' LESS THAN 1.°

STOP

END IF
CONTINVE

c
C START OF CURRENT CALCULATIONS
c

DO 500 J=1,STEPS
WRITE(®,*) J

DO 600 I=1,LENGTH
EXTRA = 0.00

231
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C CONTRIBUTION FROM TOP WIRE:
C FROM (1)TH SEGMENT CURRENT AND {1)TH BOUNDARY CHARGE
c

TOTAL = ASEL1*C(1,J-1}

IF (1.EQ.1) TOTAL = TOTAL+C(1,J=1)*.5D0%(2.DO*PS]~
1 SORT(PSI**2+1.D0))**2/(PS1**2+1.00)**1,500

IF (J.GT.2) TOTAL w TOTAL+ASEL2°C(I,J=2)

1¥ {(J.GT.2).AND.(1.EQ.1)) TOTAL = TOTAL+C(I,J-2)*
1 PS1*(PSI-.3D0%(SQRT(PS1**2+1.D0)-PS)**2)/
2 (PSI®*2+1.D0)*%1,500

IF (J.GT.3) TOTAL = TOTAL4ASEL3*Q(I,J-3)

IF ((J.GT.3).AND.(I.NE.1)}) TOTAL = TOTAL-ASEL3*Q{I=1,J-3)

CONTRIBUTIONS FROM OTHER TOP WIRE CURRENTS AND CHARGES

00 700 L=1,LENGTH-]
IF J-2‘L+li.GT.03 TOTAL = TOTAL+ AMUTO(L)*C(I+L,J=2*L+1)

o0n0n

IF ((J=2%L ).GT.Q) TOTAL = TOTAL+ AMUTI{L)*C(I+L,J=2°L)

IF ((J=2%L-1).GT.0) TOTAL = TOTAL+ AMUT2(L)*C({I+L,J=2*L-1

IF ((J-2%L-2).GT.Q0) TOTAL = TOTAL+ AMUT3(L)*C{I+L,J=2"L-2

IF ((J-2%L=3}.GT.0) TOTAL = TOTAL+ AMUT4B(L)*Q{I+L,J=2%L-3)
700 CONTINUE

00 800 Lw1,]=-1

{; ggJ-PL-Hi.GT.O TOTAL

IF

TOTAL+ AMUTOiL C(I-L,J=2%L+1)
J-2*L }.GT.0) TOTAL = TOTAL+ AMU1(L)*C(I-L,J-2°L)
.GT.0) THEN

J~2%L-1
TOTAL = TOTAL+ AMUT2(L}*C({l-L,J-2°L-t)
IF (L.EQ.(1-%)) TOTAL = TOTAL+ C{I-L,J-2%L=1)*
1 -500°(2.D0*L+1.00) *{(2.D0*L+2.D0) *PS-SGRT((2.D0*L+1,D0) **2
2m‘ll’gl“2+1.00))"2/( 2.DO°L+1.00)**2*PS1**2+1.D0)**1.500

IF ((J~2°L~2).GT.0) THEN
TOTAL » TOTAL+ AMUTI(L)*C(I~L,J=20L~2)
IF (L.EQ.(I-1)) TOTAL = TOTAL+ C(I-L,J=280-2)%
1 (2.00%L+1,D0)*(PSI®**2-.5D0* (SORT((2.D0%L+1.D0) **2PSI1#%241.00)
zEND-?gx-(z.oo-L+1.uo))--z)/((z.no-L+1.oo)--z-951--2+1.oo)-'1.5no
IF (({J-2%.=3).GT.0).AND, (L.NE.(I-1)))
1 TOTAL = TOTAL+ AMUT4A(L)*Q(1-L~1,J=2°L-3)
800 CONTINUE
c

C 7O DETERINE CONTRIBUTIONS FROM BOTTOM WIRE CURRENTS AND CHARGLS,
g TAU,M,CR,CL AND SIGMA FOR EACH BOUNDARY ARE CALCULATED FIRST.

DO 900 L=0,LENGTH
TAU(L) = J=RHO(I,L
IF (TAU(L).GE.0.00) THEN
M(L) = INT{TAU(L})
ELSE
M(L) = INT(TAU(L))-1
END IF

IF (ETAU(L).LE.O.DO).OR.(L.EG.LENGTH)) THEN
crR{L) = 0.00

ELSE
CR(L) = C(L+1,M(L))*(M(L)+1-TAU(L))
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2] o000

000

o000

(e Xy K¢

1END - FC{L+ 1, M{LY+1) *(TAU(L)-M(L))
IF (ETAU(L) .LE.0.DQ).0R.{L.EQ.0)) THEN

CL(L) - CEL MEL )‘(MEL)-H—TAUE B

o IF L)+1) ¢ (TAU(L)M{L
IF ((TAU(L). u: 0.00) .0R.(L.EQ.0)) THEN
SIGMA(L) = 0.DOD

ELSE IF (L.EQ. LENGTH) THEN
SIGMA(L) = —Q(L,M

.5no-c L M ;+1)- TAU(L)~M L;;--z

s +.5009C(L ,M(L)) *(M(L) +1=TAU(L) ) *o2

SIGMA(L) = ~&i(L,M L)
-.5D0*
2 +.800%(C

L))=C(L+1,M(L))
END IF

Q0  CONTINUE

START OF THE CALCULATION OF CONTRIBUTIONS FROM BOTTOM WIRE
CURRENTS AND CHARGES (EXCEPT THOSE AT "LPEAK(I)" SEGMENT AND
BOUNDARY .

DO 1000 Le1,LENGTH
IF (L.NE.LPEAK(I)) THEN

MOIF = ABS(M(L)-M(L-1))
IF (MDIF.EQ.0) THEN

MODULE §°

EPSA = -1.00

EPSB = 1.00

CA = CR(L-1)

8 = cL{L)

RHOA = RHO(I,L-1)

RHOB = RHO(I,L)

CALL BCRNT(CA,CB,EPSA,EPSB,RHOA,RHOB,CONT)
TOTAL= TOTAL+CONT+BCHRG(I,L)*SIGMA(L)

END OF MODULE #1

END TF
IF (MDIF.EQ.1) THEN

MODULE #2

EPSA = -1.D0

mx = MAX(M(L) M(L-1))
2eL~1)=(2%1-1 'DCOS(THETA)-DSINETHETA;/PSI
20L-1)#m24(201-1)#22-2% (29L—1)* {27 [-1) *DCOS(THETA)
T 2,009 (2%—1)*DSIN(THETA) /PST+1.00/PS1*#2-(J-MaX) +*2
= —U4DSQRT(U**2-V)

—

U ra
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W2 = —U-DSQRT(Us*2-v)
IF mssfm; .LE.1. oo; EPSB=W1
ur DABS LE.1.D0) EPSB=W2
(ms(m) LE.1.D0) .AND. :onascwz).r.e.noo)) THEN
WRITE (- -) *ERROR §2°
oo ro

IF ((DABS(VH) GT.1, ")).AND.;DABS(WZ).GT.LDO)) THEN
WRITE (*,®) *ERROR #3°
G0 TC 2000
END IF
EPSC = 1.D0

CA = CR{L-1)
IF (mx oT. og THER
cssE L MMAX

RHCA = RHO(I.L-!)
RHOB = J-MAX

RHOC = nuogl L)

CALL BCRNT(CA,CB,EPSA, EPSB, RHOA,RHOB, CONT)
TOTAL= TOTAL+CONT

CALL BCRNT(CB,CC,EPSB,EPSC,RHOB, RHOC, CONT)
TOTAL= TOTAL+CONT-BCHRG(1, L) *SIMA(L)

END OF MCDULE #2

ENO IF
IF (MDIF.EQ.2) THEN

MODULE #3

EPSA = =1 D&
IFI.SM(L} .LT. M(L-'l)) THEN
MC = ) L +1
ELSE
MO = M L-Ig-H
MC = M(L-1)42
END IF
U - 52‘L-1 -(2'1-1)‘DCOS(THETA)—DSINETHETA /Psl
2%L=1)*024(2¢} I)"‘2-2‘(2‘L-1)‘ 2" 1-1)*DCOS{THETA)
1 =-2. DD‘(2'L-1)‘DS[N(THETA)/PS[H DO/PSI**2-(J-MB) »e2
Yll = ~4+DSQRT(Ye»2-
= -U-DSQRT U"Z—V
;DABS W1).LE.1.D0) EPSB=W1
IF

o0on

o000

DABS(W2) .LE. 1 .00 EPSB-WZ
(oms(m) LE.1.D0) AN §DABS(W2) .LE.1.00)) THEN
WRITE (», -) 'ERR OR
G0 TO 200
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END IF
IF ((DABS(W1).GT.1.D0).AND. ﬁmas(wz) .GT.1.00)) THEN
WRITE (*,*) 'ERROR #4°
GO TO 2000
END IF
Vo= (20L-1)9%24(2%1=1) #92-20 (201 1) +(291_1) eDCOS(THETA)
1 =2.00%(24L1) *DSIN(THETA}/PS1+1.D0/PS]*%2~(J-MC) +22
W1 = —U4DSQRT(U**2-v
W2 = —U=DSQRT(U*#2~y
IF (DABS YH;.LE.!.DO EPSC=W1
IF (DABS(W2).LE.1.D0) EPSC=W2
IF ((DABS(W1).LE.1.D0).AND. inAas(wz) .LE.1.00)} THEN
WRITE (*,*) 'ERROR #5°
GO TO 2000

EPSD = 1,00

CA = CR{L-1

IF (MB.GT.0) THEN
CB » C(L,M8

ELSE

C8 = 0.00

END IF

IF (MC.GT.0) THEN
CC = C(L.MC

ELSE

RHOA = RHO(I,L-1)
RHOB = J-M8

RHOC = J-MC
RHOD = RHO(I,L)

CALL BCRNT(CA,C8,EPSA,EPSB,RHOA, RHOB, CONT)
TOTAL= TOTAL+CONT

CALL BCANT(CB,CC,EPSB, EPSC,RHOB, RHOC, CONT)
TOTAL= TOTAL+CONT

CALL BCRNT(CC,CD,EPSC,EPSD,RHOG, RHOD , CONT)
TOTAL= TOTAL+CONT+BCHRG(I,L)*SIGMA(L)

END OF MODULE #3

END IF

IF (MOIF.GE.3) THEN
WRITE S'.‘; 1,4,L,M(L) M(L=1) ,MDIF
WRITE (*,*) *ERROR §7°
GO TO 2000

000
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END IF
ELSE

c
C FINALLY, CONTRIBUTIONS FROM THE “LPEAK(I)" SEGMENT CURRENT AND
C “LPEAK(I)" BOUNDARY CHARGE ARE CALCULATED AND ADDED TO TOTAL,

c
1100 TAUPK= J-RHOPK(1)
IF (TAUPK.GE.0.00) THEN
MPEAK= INT{TAUPK)
ELSE
MPEAK= INT(TAUPK)-1
END IF

CONTRIBUTION FROM PART-1 OF “LPEAK(1)" SEGMENT

MOIF= MPEAK - M{LPEAK(1))
IF (MDIF.EQ.0) THEN

MODULE 1A

LPK = LPEAKé I
EPSA= EPSPK(1
EPSB=

IF (TAUPK.LE.0.DO) THEN
CA= 0.D0

ELSE
CAm CfLPK.IPEAK)'(kPEAKM-TAUPK
t +C(LPK, MPEAK+1) * ( TAUPK~MPEAK
END IF
CB = CL{LPK)
RHOA= RHOPK(1)
RHOB= RHO(I,LPK)
CALL BCRNT(CA,CS,EPSA,EPSB, RHOA ,RHOB, CONT
TOTAL = TOTAL+CONT+BCHRG(1, LPK) *SIGMA(LPK

END OF MODULE #1A

END IF
IF (MDIF.EQ.1) THEN

MODULE §2A

LPK = LPEAK(]
EPSA = EPSPK(I
U= ézttpx-u =(2%1-1) *DCOS(THETA)-DSIN(THETA) /PS1
Vo= (2°LPK-1)#924(291~1) #4229 (2% PK~1)* (2#]-1) *DCOS(THETA)
1 ~2.00%(23LPK~1) *DSIN(THETA) /PS141.D0/PS1+*2-(J-MPEAK) ++2
EPSB = —HDSORT(U**2-)
IF ((EPSB.LE.EPSA) .OR. (EPSB.GE.1.D0)) THEN

WRITE (*,*) 'ERROR #8°

GO TO 2000

END IF
EPSC = 1.D0

aoon

ao00n

o0a0n

a0
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0O 000

000

aon

IF (TAUPK.LE.0.DO) THEN
CAl= 0.00
CA2= 0.00
ELSE
CAtem C(LPK,MPEAK) * (MPEAK+1=TAUPK)
CA2« DBLE(TAUPK-MPEAK)
END IF
IF (MPEAK.GT.0) THEN
CB = C(LPK,MPEAK)
ELSE
C8 = 0.D0
END IF
CC = CL{LPK)

RHOA = RHOPK(I)
RHOB = J-MPEAK
RHOC = RHO(I,LPK}
CALL BCRNT(CA1,CB, EPSA,EPSB,RHOA,RHOB,CONT1
CALL BCRNT(CA2,0.D0,EPSA,EPSB,RHOA, RHOB,CONT2
IF (1.NE.1) THEN
El“I’gnlu.- TOTAL+CONT 14CONT29C (LPK, MPEAK+1)
TOTAL= TOTAL+CONT1
EXTRA= CONT2
END IF
CALL BCRNT(CS8,CC,EPSB,EPSC,RHOB,RHOC, CONT)
TOTAL= TOTALH+CONT4BCHRG{ T, LPK) *SIGMA(LPK)

END OF MODULE §2A

END IF

IF (MOIF.GE.2) GO TO 2010

IF ((MOIF.GE.2) .AND. (M(LPEAX(I))).GE.0) THEN
WRITE(®,*) L.J.L
GO TO 2010

END IF

IF (MOIF.LT.0} THEN
WRITE (*,*) °'ERROR §8’
GO TO 2000
END IF

CONTRIBUTION FROM PART-2 OF “LPEAK(I)" SEGMENT

MOIF= MPEAK = M{LPEAX(I)-1)
IF (MDIF.EQ.0) THEN

MODULE #18

LPK = LPEAKEI;
EPSB= EPSPK{I
EPSA= -1.00
IF (TAUPK.LE.0.D0) THEN

CB= 0.00
ELSE

CB= C(LPK,MPEAK) * (MPEAK+1-TAUPK)
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1 4C{LPK,MPEAK+1) #{ TAUPK~MPEAK)
END IF

CA = CR(LPK-1)

RHOB= RHOPK(1)

RHOA= RHO(I,LPK~1)

CALL BCRNT(CA,CB,EPSA,EPSB,RHOA,RHOB, CONT)
TOTAL = TOTAL+CONT

¢
C END OF MODULE §18
c
END IF
IF (MDIF.EQ.1) THEN
c
C MODULE §2B
c
LPX = LPEAK(I)
EPSA = -1.D0

EPSC = EPSPK(1)
u {2'LPK—! =(2°1-1) *0COS(THETA)-DS IN( THETA) /PSI
V = (2°LPK-1)%924(2¢]=1)%92-2% (281 PK-1)* (2% 1) *DCOS(THETA)
1 =2.D0% (2%LPK~1) *DSIN(THETA) /PS1+1.D0/PSI**2-( J~MPEAK) +*2
EPSB = —U-DSQRT{U**2-V)
IF ((EPSB.LE.-1.D0).OR. (EPSB.GE.EPSC)) THEN
WRITE (*.*) 'ERROR §9'
GO TO 2000
END IF

CA = CR(LPK-1)

IF (MPEAK.GT.0) THEN
€8 = C(LPK,MPEAK)

ELSE

IF (TAUFKX.LE.0.DO) THEN
CCi= 0.D0
CC2= 0.00
ELSE
CCim C({LPK,MPEAK)* (MPEAK+1-TAUPK)
£ NgC'?’; DBLE ( TAUPK~MPEAK)

RHOA = RHO(I,LPK-1)
RHOB = J-MPEAK
RHOC = RHOPK(I)
CALL BCRNT(CA.CB.EPSA.EPSB.RHOA.RHOB.CONT)
TOTAL= TQTAL+CONT
CALL BCRNT{CB » CC1,EPSB,EPSC,RHOB, RHOC, CONT ;
CALL BCRNT(0.D0,CC2,EPSB,EPSC,RHOB, RHOC, CONT2
IF (1.NE.1) THEN
ELTETAL. TOTALHCONT 14CONT22C(LPK, MPEAK+1 )
S|
TOTAL= TOTAL+CONT1
EXTRA= EXTRA+CONT2
END IF
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C END °oF MCOULE 2B
c

END IF
IF E(MD!F.GE.Z).AND.(M(LPEAK([)—1)).GT.O) GO TO 2010
IF (MDIF.LT.0) THEN

WRITE (*,) 'ERROR #10°

GO TO 2000

END IF
END IF
1000 CONTINUE
c

C ADD CONTRIBUTION FROM THE INCIDENT FIELD
<

AEINC = RADSDSIN(THETA/2.00)*
1 PULSE (J+(2*1-2*LENGTH-1) *DCOS(THETA/2.00) , THETA, LENGTH)
TOTAL = TOTAL+ AEINC/30.d0

c
g CALCULATE CURRENT

IF (1.EQ.1) THEN
ELSEc(t.J)- TOTAL/(RL/(60.D0*PSI)+R(1)/(60.DO*P1)-ASELG-EXTRA)

C(I,J4)= TOTAL/(R(1)/(60.D0O*PI)-ASELO)
END IF

800 CONTINUE

c

€ CALCULATE CHARGE
c

DO 1200 Im1,LENGTH-1

Q(1,d)m Q(I,J=1)4C(1,Jd)-C(1+1,J)
1200 CONTINUE

Q(LENGTH,J)= Q(LENGTH, J=1)+C(LENGTH,J)
c Qo{J) = Q0(J=-1)4C{1.J)

C OUTPUT VOLTAGE
c

VO(J) = 1000.*SNGL(C(1,J)*RL)
%00 CONTINUE
c

c
C DISSPLA PLOTTING ROUTINE
c

DO 4098 Jw1,STEPS
XX(J) = 4
TIMNE(J) = J*DELT*1.E9
EI{J) = SNGL(PULSE (DBLE(J)~(2*LENGTH-1)*DCOS(THETA/2.00)
1 . THETA,LENGTH))
Y1(J) = c(1,4}*1000.
Y2(4} = C(LENGTH/4,J)*1000.
Y3(J) = C(LENGTH/2,J)*1000.
Y4(J) = C(LENGTH*3/4,J)*1000.
Y3(J) = C(LENGTH,J)*1000.
WRITE(10,19) TIME(J). EI{J), 1000.%C(1,J)
4098 CONTINUE
19 FORMAT(2X,E16.8,2X,E18.8,2X,E16.8)



VDIP CODE

WRITE (10,*)°STEPS =',STEPS
WRITE (10,*) LENGTH=' ,LENGTH
WRITE (10,*)°'LEN =',LEN
WRITE (10,*)'RAD =’ RAD
WRITE (10,*) 'THETA =", THETA
WRITE {10,®) 'SWITCH=" ,SWITCH
WRITE {10,*)'R0O =’ RO
WRITE {10,*)°RL =',RL
WRITE (10,*)°'CAP ="', CAP
WRITE (10,*)'RP w' RP

DO 4099 I=1,LENGTH

DO 4099 J=1,STEPS

a1l (et B o r

4099 CONTINUE
C PLOTTING

>

CALL ANYDEV

CALL PAGE (9.5,11.)

CALL NCBRDR

CALL AREA2D (6.,8.)

CALL DUPLX

CALL HEIGHT(0.2B)

CALL HEADIN('9.8 GHz sinc Incident pulse$',100,.5,4)
CALL HEADIN('30=¢m, .5-mm, V-antenna$',100,0.5,4)

CALL HEADIN('Tv=30, ROw2.2°! = WK, LENGTH=50$',100,.5,4)
CALL HEADIN( 'RLw=0 Ol’m NO CAP, NO RF’ TRANSS'JOO 5 4)
CALL XNAME ('Time (nl)S' 100)

CALL YNAME (°1000°C (Amps)s' 100)

CALL XTICKS{10)

CALL YTICKS(8)

CALL YAXANG{0.)

CALL GRAF(0.,.%,2.5,~.08,.04,.24)

CALL THXFRM{.02)

CALL FRAME

CALL CURVE (TIME,v0,300,0)

call ygroxs(-.4,.2,1.2,8.,' *.-1,6.,0.)

call dot

CALL CURVE (TIME,E!,300,0)

call rotctE'dot')

CALL ENDPL(O

CALL PAGE(9.5,11.)

CALL NOBRDR

CALL AREA2D(8..9.)

CALL HEADIN('9.6 GHZz sinc Incident pulse$',100,.5,4)
CALL HEADIN('30-cm, .5-mm, V-antenna$',100,.5,.4)
CALL HEADIN{'Tv=30D, RO=2.2%p1 - WK, LENGTH=60%',100,.5,4)
CALL HEADIN('RL=0 Ohm, NO CAP, NO RP, TRANSS$',100,.5,4)
CALL VOLM3D(1. 1..1.)

CALL X3NAME('Space {cm)$’,100)

CALL YINAME(°TIme (ns)$’,100)

CALL Z3NAME('Current (Amp)S‘ 100)

CALL XTICKS(S

CALL YTICKS(S
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CALL ZTICKS(4)
CALL VUANGL(-~150.,45.,25.)
CALL GRAF3p{0., 5., 30.,0.,.5,2.5,-.08E-3, ,08E-3, . 24E~3)
CALL SURMAT(21,2, 60,4,300,0)
CALL ENOPL(0)
CALL DONEPL
STOP
1 format(2x, i2,5(1x,d12.4))
C ERROR MESSAGES
2000 WRITE (*,*) 'ERROR: LOOKS LIKE A BUGI®

STOP
2010 g?gﬁ {*.*) 'ERROR: LPEAK SECTION NEEDS MODIFICATION'

END
DOUBLE PRECISION FUNCTION PULSE(X,THETA,LENGTH)

c
g FUNCTION TO DETERMINE THE INCIDENT FIELD
DOUBLE PRECISION X,THETA
INTEGER LENGTH
IF ((X.LE.Q.DD).OR.(X.GE.200.D0)) THEN
PULSE = 0.D00
ELSE
¢
¢ Gausslan Pulse
c PULSE = DEXP{=-,06DQ*{X=-50.00)**2)
¢
¢ “sine’ Pulse
IF (X.EQ.75.D0) THEN
PULSE=1{.DO
ELSE
PULSE= DSIN(.503D0*(X-75.00))/( .50300°*(X=-75.D0))
END IF
¢
END IF
END
SUBROUTINE BCRNT(A%,A2,EPS1,EPS2,RHO1,RHO2,CONT)
c
C SUBROUTINE TO CALCULATE FIELD CONTRIBUTIONS FROM
g BOTTOM WIRE CURRENTS

DOUSBLE PRECISION At,A2,EPS1,EPS2,RHO1,RHO2,CONT, THETA,PSI
INTEGER 1,L
COMMON 1,L,THETA,PSI
IF (DABS(EPS1-£PS2).LE.1.D-8) THEN
CONT=0.D0
ELSE
CONT=(A2%EPS2/RHO2°%2=A1*EPS1/RHO1**2) *DCOS(THETA) /PS1

1 +{A2/RH029%2-A1/RHO1%%2) * ( (2*L~1) *DCOS(THETA)=(2*1-1) ) /PSI
2 -(DCOS(THETA) /PS1)*((A2-A1) /(RHO2-RHO1) )
3 DLOG({RMO2+EPS2+(2%L=1 -i2-1-1 ‘DCOSETHETA -DSINETHETA}/PSI;{
4 RHO14EPS14{2%L=1)={2¢I~1) *DCOS{THETA) -DSIN{ THETA} /PS1

E

END
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