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L og-Periodic Loop Antennas

Jeong Il Kim

ABSTRACT

The Log-Periodic Loop Antennawith Ground Reflector (LPLA-GR) isinvestigated as
a new type of antenna, which provides wide bandwidth, broad beamwidth, and high gain.
This antenna has smaller transverse dimensions (by a factor of 2/m) than a log-periodic
dipole antenna with comparable radiation characteristics. Several geometries with
different parameters are analyzed numerically using ESP code, which is based on the
method of moments. A LPLA-GR with 6 turns and a cone angle of 30° offers the most
promising radiation characteristics. This antenna yields 47.6 % gain bandwidth and 12 dB
gain according to the numerical analysis. The LPLA-GR also provides linear polarization

and unidirectional patterns.

Three prototype antennas were constructed and measured in the Virginia Tech
Antenna Laboratory. Far-field patterns and input impedance were measured over a wide
range of frequencies. The measured results agree well with the cal culated results. Because
of its wide bandwidth, high gain, and small size, the LPLA is expected to find applications
as feeds for reflector antennas, as detectors in EMC scattering range, and as mobile

communication antennas.
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Chapter 1. Introduction

The recent explosion in information technology and wireless communications has
created many opportunities for enhancing the performance of existing signal transmission
and processing systems and has provided a strong motivation for developing novel devices
and systems. There is a continued demand for data transmission at higher rates and over
longer distances. Wireless and mobile communication systems are, nowadays, at the
forefront of research activities. An indispensable element of any wireless communication
system is the antenna. Transmission of data at higher rates requires wider bandwidths for
the elements constituting a communication link. This requirement for the antenna, which
is the subject of interest in this thesis, means wideband antennas need be designed and
used.

Frequency independent antennas, as a particular class of wideband antennas, were
first studied by Rumsey [1]. His simple but significant theory has become the foundation
for studying many wideband antennas, such as log-periodic dipole antenna (LPDA). The
LPDA, whose properties vary periodically with the logarithm of frequency, consists of
linear dipoles as basic constituent elements, as illustrated in Figure 1-1. The elements are
fed from a balanced transmission line, each element being placed in an aternating

configuration that leads to 180° phase change from the adjacent elements.



A limitation of the LPDA isthat the dipole element for the lowest operation frequency
in the HF range may become too long to be conveniently handled in the environment of
application. This fact has led to numerous modifications to the origina structure in order
to reduce the transverse dimension. In pursuit of reducing the LPDA size, Berry and Ore
[2] changed the dipole element to a monopole element over a ground plane, which alows
half the transverse dimension. Roy and Chatterjee [3] also proposed |og-periodic antennas
with helical elements, because the log-periodic helical antenna has a smaller transverse

dimension if the helices are designed to operate in the normal mode.

Using the LPDA concept, in this thesis, a new type of log-periodic antenna, as shown
in Figure 1-2, is designed, simulated and tested. Since this antenna has a loop as the
constituting element and has ground reflector, it is referred to as log-periodic loop antenna
with ground reflector (LPLA-GR). Using the circular loop element instead of the dipole
agrees with the attempt to reduce the transverse dimension of the LPDA. In addition, the
log-periodic loop antennas with ground reflector are expected to have higher gain than
LPDAs, because the loop element generally provides a higher gain than the dipole and the
ground plane further increases the gain due to the image effect.

Because the proposed antenna has a complicated geometry, its analysis is nearly
impossible without making some constraining approximations or using numerical
methods. Fortunately, there are quite a few software programs available, which allow us to
anayze wire antennas numericaly. For example, NEC (Numerical Electromagnetic
Code), WIPL (electromagnetic modeling of composite Wire and PLate structures), ESP
(Electromagnetic Surface Patch code), etc. can be used for the analysis of antennas.
Especialy, ESP has proved useful in many antenna analyses [4, 5]. ESP is a code based on
the method of moments (MoM) to treat geometries consisting of interconnections of thin
wires and perfectly conducting polygonal plates [6]. The code can compute most of the
useful quantities of interest such as current distribution, antenna input impedance,

radiation efficiency, and far-zone gain patterns.



Figure 1-1 Log-periodic dipole antenna without ground reflector

Figure 1-2 Proposed |og-periodic loop antenna with ground reflector



The results of this research indicate that, like LPDA, the log-periodic loop antenna
with ground reflector provides unidirectional radiation pattern and linear polarization over
a wide bandwidth. In order to confirm predicted radiation properties, several prototype
LPLAs are constructed and measured at the Virginia Tech Antenna Laboratory. The
measured results are compared with numerical data obtained from ESP. The agreement

between experimental and theoretical results is remarkably good.

Chapter 2 describes the theoretical and historical background that can be applied to
designing the proposed new antenna. Chapter 3 analyzes a single circular loop antenna to
provide a basic understanding and discusses the log-periodic loop antenna without ground
reflector. This chapter also includes a comparison of ESP-generated results with those by
other researchers in order to ascertain the accuracy of ESP and make sure that it is used
properly. Chapter 4 introduces the log-periodic loop antenna with ground reflector and
presents numerical results for far-field patterns, gain, input impedance, and phase
difference between orthogonal field components. Chapter 5 addresses the construction and
measurement of three prototype antennas. The measured radiation characteristics of these
antennas are compared with those produced by ESP in Chapter 4. Chapter 6 concludes this
research and offers suggestions for future directions. The appendices contain the computer
code to generate input data for the different geometries as well as the numerically-

generated and measured far-field patterns for cases not covered in the main chapters.



Chapter 2. Evolution of Log-Periodic

Dipole Antenna

The LPDA, with linear diploes as constituent elements, is well known for its wide
bandwidth and moderate gain. As far as the broadband characteristic is concerned, this
antenna evolved from the concept of frequency independent antennas whose theoretical
foundation was laid down by Rumsey at the University of Illinois. Rumsey’s work became
the motive for the development of log-periodic antennas by DuHamel [7] which then led
to the introduction of the LPDA by IsBell [8]. Later, Carrel analyzed the LPDA
mathematically and computed its radiation pattern, input impedance, etc., using a digital

computer [9].

2.1 Principles of Frequency Independent Antennas

Since their dimensions, when expressed in terms of wavelength, vary with frequency,
antennas usually exhibit different radiation properties at different frequencies. For
example, a center-fed half-wave dipole at its resonant frequency has an input resistance of
about 73 ohms while at twice this frequency the input resistance is much larger. Moreover,



a one-wavelength dipole has more directive radiation pattern than the half-wave dipole
[10]. Variations of radiation characteristics with frequency limit the bandwidth of the
antenna and thus the information carrying capacity of the communication link to which the
antenna belongs. The issue of frequency independent antennas, which ideally provide an
infinite bandwidth, was first addressed by Rumsey, who explained the following basic

requirements for these antennas.

2.1.1 Angle-Specified Antennas

Rumsey proposed that if the shape of alossless antennais such that it can be specified
entirely by angles, its performance such as pattern and input impedance would remain
unchanged with frequency. In other words, the dimensions of this class of antennas, when
expressed in terms of wavelength, are the same at every frequency. The implication is that
electrical characteristics of the antenna do not change with frequency [11]. Thisis a very
simple and powerful idea for the design of broadband antennas, which are referred to as

frequency independent antennas for the ideal case.

The general equation for angle-only specified antenna geometries, assuming that both
of the antenna’s terminals are infinitely close to the origin of a spherical coordinate

system, is expressed as

r=F(6,¢) =1 (6) (2.1.1-1)

where f(6) is an arbitrary function and = %3—2 is a parameter, in which K

depends neither oa nor ¢ but on angle C for congruence [12]. Typical examples of
antennas described by (2.1.1-1) are the planar equiangular spiral antenna and conical spiral

antenna.



2.1.2 Self-Complementary Configuration

In addition to the angle dependence, a second principle was used in the early
development of frequency independent antennas. This principle states that if an antenna
has the same shape as its complement empty part, its impedance is constant at all
frequencies. Figure 2.1.2-1 (a) shows an example of complementary antenna. The
relationship between input impedances, Z; and Z, , for the complementary planar
structuresis expressed as [13]

7,7, = (60m)° (2.1.2-1)

If the complementary parts of the empty space and the shaded meta plate, which are
extended to infinity, are self-complementary as illustrated in Figure 2.1.2-1 (b), the shaded
plate antenna has the input impedance of constant 60t ohms, because, intuitively, Z; of the

shaded antenna should be equal to Z; of its complement. That is
Z, =Z,=60r (2.1.2-2)

Since a truly frequency-independent antenna would have constant input impedance, it
seems promising to design antennas that resemble their complements, in order to achieve
frequency independence. It should be noted that log-periodic loop antennas, however, do

not adhere to this principle.



(b)

Figure 2.1.2-1 Examplesfor (a) Complementary pair and
(b) Self-complementary configuration



2.2 Log-Periodic Antennas

A development, which closely paralleled the concept of frequency-independent
antennas, was the log-periodic structures introduced by DuHamel and IsBell in 1957 [7].
Because their entire shapes cannot be solely specified by angles in the spherical coordinate
system, log-periodic antennas are not truly frequency independent. However, before the
change in the performance can become significant one element of the structures repeats

itself with alogarithmic periodicity. Thus, small variations are allowed.

Since in practice the antenna must be of finite length, radiation characteristics vary
considerably below the lower frequency limit. This phenomenon is termed as “truncation
effect” (or the effect of finite length). In contrast to the truncation effect, the input
impedance can be maintained at a constant value at higher frequencies, because the

antenna structure can be regarded locally as mutual complement.

2.2.1 Log-Periodic Toothed Planar Antenna

The initial design based on the concept of the log-periodic structure was the log-
periodic toothed planar antenna (LPTPA), as shown in Figure 2.2-1 (a). Following the
angle concept, if one tooth has a widtlh #he next smaller one ¥V, wide, the third is
™Wo, and so on [10].

Let the width of the widest tooth beiWwhich is approximately one quarter

wavelength corresponding to the lower frequency limit. Then, the width tfath, W, is

W, =W,7" (2.2.1-1)

n

wherer is a constant representing the ratio of width of (H-tapth to width of i tooth.



Taking the logarithm of both sides of (2.2.1-1) yields:
logW, =logW, +nlogrt . (2.2.1-2)

For a given antenna, log W3 and log t are constant. Consequently, the logarithm of W,
increasesin equal stepswith n. That is, log W, increases periodically-hence the name “log
periodic”. It is also implied that whatever electrical properties the antenna may have at a

frequency 4, will be repeated at all frequencies giventtfy.

Combining the periodicity with the angle concept, the LPTPA has a self-
complementary configuration. This results in a constant input impedance of alkout 60

ohms independent of frequencies within the operation range limited only by physical size.

2.2.2 Log-Periodic Toothed Trapezoidal Antenna

The LPTPA can be slightly modified to obtain a more refined geometry referred to
log-periodic toothed trapezoidal antenna (LPTTA), as shown in Figure 2.2-1 (b). The
LPTTA is also specified by angle in a manner similar to the LPTPA described in Section
2.2.1 and is self-complementary. The important feature of this antenna is that it represents
an earlier link to the development of log-periodic dipole antenna.

By bending the triangular shape arms of the antenna, so that the angle between the
two arms,y, is less than 180 a non-planar log-periodic toothed wedge antenna can be
made. Furthermore, the teeth could be reduced to the thicknesses of wires permitting a
parallel arrangement of the elements in the two half-structures witlaregle equal to

zero. This became the log-periodic dipole coplanar antenna as illustrated in Figure 1-1.

10



(a) Log-periodic toothed planar antenna

(b) Log-periodic toothed trapezoidal antenna

Figure 2.2-1 Log-periodic antennas



2.3 Log-Periodic Dipole Antenna

Folding the two arms of the LPTTA so that the included angle ¢ becomes zero leads
to a unidirectional form of log-periodic antenna known as LPDA. This type of log-
periodic antenna was first developed by IsBell [8], and later organized by Carrel [9]. The
schematic diagram of LPDA is given in Figure 2.3-1. This antenna is not completely
described by angles, but still depends on angular coordinates. The LPDA seems to be a
self-complementary structure, because it has the permissible characteristic of constant

input impedance as will be discussed.

As shown in Figure 2.3-1, the successive dipoles are connected alternately to a
balanced transmission line called feeder. That is to say these closely spaced elements are
oppositely connected so that endfire radiation in the direction of the shorter elements is
created and broadside radiation tends to cancel. Actually, a coaxial line running through
one of the feeders from the longest element to the shortest is used. The center conductor of
the coaxial cable is connected to the other feeder so that the antenna has its own balun
[14].

Radiation energy, at a given frequency, travels along the feeder until it reaches a
section of the structure where the electrical lengths of the elements and phase rel ationships
are such as to produce the radiation. As frequency is varied, the position of the resonant
element is moved smoothly from one element to the next. The upper and lower frequency
limits will then be determined by lengths of the shortest and longest elements or
conversely these lengths must be chosen to satisfy the bandwidth requirement. The longest
half-element must be roughly 1/4 wavelength at the lowest frequency of the bandwidth,
while the shortest half-element must be about 1/4 wavelength at the highest frequency in
the desired operating bandwidth [15].

12



Figure 2.3-1 Schematic diagram of log-periodic dipole antenna
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Now, let us define parameters, 1, a’, and o, to describe the geometry of the LPDA. The
relationships between o', 1, element dipole lengths L,, and distances R, to the apex are
determined by the geometry and expressed as

Ll

R

where R,
Ln

L (2.3-1)
R,

distance from apex to the n™ element
total length of the n™ element

a’ = half-angle subtended by the ends of radiating elements.

In addition, the ratios of dn.1/d, and Rn+1/R, are equal to t, which is usually a number
lessthan 1.0. That is,

dn+1 - Rn+1(1_ I) - Rn
d

M= (2.3-2)
» R@-7) R

where d, is the distance between n and (n+1)™ elements.

It is often convenient to think of the element spacing dy, in terms of wavelength. The
free-space wavelength A; of a signa that resonates the first largest element, |4, is
approximately four times |4, thus

A, =4l (2.3-3)
Similarly
A, =4l A, =44, =4, (2.3-4)

For any value of n, the ratio d/4l, is a useful quantity. It is called spacing factor (o) and

can be expressed in terms of t and o’ as follows:

_ R@-1) _ 1-1
4, 4, 4R tana') 4tana’

(2.3-5)

14



The performance of LPDA is a function of the antenna parameters t and o'. In
particular, the input impedance depends on t and o’ [10]. For example, when the value of t
is 0.95, the unloaded feeder impedance is 104 ohms, and when a’ varies from 10° to 30¢,
the input impedance falls between the limits of 76 and 53 ohms. Here, the unloaded feeder
impedance refers to the characteristic impedance of the central transmission line without
all the elements.

As the value of t is decreased, the input impedance will increase toward the value of
the unloaded feeder impedance. The reason is that fewer elements per feeder unit length
are connected in parallel to the feeder. On the contrary, it is expected that for the higher
values of t the LPDA will be less dependent on frequency.

2.4 Modifications of the LPDA

Since the introduction of LPDA, many modifications with the aim of improving its
performance or reducing its size have been investigated. Many different ways such as
inductive or capacitive loading [16] and utilization of normal mode helical dipoles [3]
have been proposed as improvements to the basic LPDA geometry. Among them, the
LPLA isanoticeable departure. This antenna will be treated in the following chapter.

15



Chapter 3. Log-Periodic L oop Antenna

In Section 2.3 , the LPDA (log-periodic dipole antenna) was discussed. The LPDA
consists of dipole elements. Based on the LPDA concept, a new type of log-periodic
antenna is introduced in which dipoles are replaced with circular loop elements. Section
3.1 will present the analysis of circular loops as the constituting elements of this new

antenna.

An extensive literature survey revealed that severa studies were attempted on the
LPLA (log-periodic loop antenna). The idea of log-periodic loop antenna was first
proposed by Singh, et a. [17] in early 1970s. They presumed that the geometry gives a
circular polarization. However, the possibility of achieving circular polarization does not
exist aswill be discussed in Section 4.3.3. Later, more theoretical and experimental studies
were conducted by Rojarayanont, et a. [18] in mid 1970s. Section 3.2 focuses on their

work and presents the comparison of their results with those obtained from the ESP.

16



3.1 Analysis of Single-Loop Antenna

Compared with the linear dipole, the analysis of loop antennas, especialy circular
loop antennas with arbitrary circumferences, is much more complicated and involved.
Recently, however, single circular loop antennas with cosinusoidal current distributions
were solved analytically by Werner [19]. He generalized loop currents by using Fourier
cosine series representations and obtained exact field solutions, including near-field

components.

In this section, starting from a vector magnetic potential, the solution of the
electromagnetic fields in the far-zone region for a single-loop antenna is presented. Then,
the radiation patterns from this analysis and from ESP simulation will be compared.

In general, the radiated fields from an antenna are solutions of Maxwell’s equations.

These solutions are more conveniently obtained by introducing a vector magnetic potential
A, which is governed by an inhomogeneous vector wave equation [20]. The solution of

A for an arbitrary filamentary current on a closed loop is expressed as

e_ iR
R’

AF) = 4% 1) —dr (3.1-1)

where ' = x'4, +y'a, +z'4, andR =|F -] .

Figure 3.1-1 illustrates the geometry and coordinates for a circular loop antenna with

radius b. Referring to this figure! Bnd I(F')dI" are expressed as

R = /r2 +b? - 2br sinfcos(p- @) (3.1-2)

17



> N

Figure 3.1-1 Geometrical arrangement of a circular loop antenna for far-field analysis
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Idi" =1 (¢1)[sin 6sin(¢—- ¢/ )bdga, + cosfsin(¢— ¢ )odga,+ cos(@- (/f)bd(/ﬁq,] (3.1-3)

Here, it should be emphasized that the source is defined using primed coordinates
(p', @, ), while the observation point is defined using unprimed coordinates (r, 6, ¢).

Substituting (3.1-3) into (3.1-1), the spherical components of the vector magnetic
potential are obtained as[19]

,ubsme

AG00 =3 () () s ) (31-4)

A8, )—”bc‘?sej (@)sii-9) g (315)
_th g i _

A0, = 4_nJ’0 (3.1-6)

To facilitate evaluation of the integral expressions in (3.1-4) to (3.1-6), a replacement
integral O isintroduced, such that

___H o ]
A(r.6,9 P25 90 U(r.6,9) (31-7)

____ Kk )
A (r,0,¢) =-— 2 tan (r 6,9 (3.1-8)
A,r,0,9) _Wo"é? a(r,6,9) (3.1-9

where the replacement integral is

0(r.6,0) :%J’;nl (@)e R dg (3.1-10)

19



For the analysis of loop antennas in a variety of cases, the source current on the loop

wire can be represented by the following Fourier cosine series:
(@)= 1, cos(ng) (3.1-11)
n=0

For current distributions as in (3.1-11), the integration in (3.1-10) can be performed in a

straight forward manner and the vector potential can be readily obtained.

Having found the magnetic vector potential A, the far-zone electric field is obtained
from [15]

E =-jow(Ad, + A4,) (3.1-12)

Assuming a cosinusoidal current distribution for the loop antenna, 1(¢) = 1,cos(pg),

the far-field components of E are determined as

_n(B)p(j)° 1, sin(pg) cosd e I, (W)
2 r w
_n(B)(j)° 1, cos(pg) e *

E, = ; — ;W) (3.1-14)

E, = (3.1-13)

where w= fbsiné and J, isthe Bessel function of the first kind.

A case of specia interest is when the circumference of the loop is one wave length.
This corresponds to a value of p equal to 1. If a source is on the x-axis, the current
distribution on the loop wire will be described as I (@) = 11.cos(¢).
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Asan example, if the frequency of operation is chosen to be 2 GHz, the corresponding
loop radius is 2.3873 cm. The radiation patterns in the linear scale for this example are
plotted in Figure 3.1-2. These plots were obtained using the MATLAB code in Appendix
A. Figure 3.1-2 (@) shows the Eo radiation pattern in the y-z plane, while Figure 3.1-2 (b)
illustrates the E, pattern in the x-z plane. It should be noted that y-z and x-z plane patterns
are E-plane and H-plane patterns, respectively. These planes contain the electric field and

magnetic field vectors.

For the purpose of comparison, the above patterns were also calculated using the ESP
software. Figures 3.1-3 (a) and (b) illustrate the Es and E, patterns, respectively. Both
patterns are in good agreement with those in Figures 3.1-2 (a) and (b). The patterns also
agree well with those in the Antenna Engineering Handbook [21] with half-power
beamwidths of about 84° in the E-plane and 133° in the H-plane.

In addition, the ESP can also provide a very small E, component in the E-plane and

small Es in the H-plane. The formulas by Werner, however, result in zero E, component in

the E-plane and zero Ee component in the H-plane.
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Figure 3.1-2 (a) Es radiation pattern in the y-z plane and (b) E, pattern in the x-z plane
for aone wavelength circular loop at 2 GHz obtained from equations
(3.1-13) and (3.1-14), respectively.
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Figure 3.1-3 (a) Es radiation pattern in the E-plane and (b) E, pattern in the H-plane

for aone wavelength circular loop at 2 GHz obtained from ESP code
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3.2 Analysis of Log-Periodic Loop Antenna

With the basic properties of the circular loop antenna reviewed in the previous
section, we are now ready to embark upon the analysis and design of LPLA. Figure 3.2-1
illustrates the geometry and coordinates for a log-periodic circular loop antenna. The
LPLA isan array consisting of N loop elements. The parameters describing a LPLA are t
(scale factor), o (spacing factor), and o (subtended angle). It should be noted that o is
different from o’ in Section 2.3. Each loop element is identified with a loop radius, a wire
radius, and a feed gap, which obey a logarithm relationship as in Section 2.3. This can be

expressed, using the scale factor 1, as.

B_a_.- (3.2-1)
b, a

where b, and g are the loop and wire radii of the j-th element, respectively.

The spacing factor, o, used to define the distance between the adjacent elements obeys
arelationship similar to (2.3-5). That is,

1-7

_d _
0_4bi m(%) (3.2-2)

where d; is the spacing between the i-th and (i-1)-th elements.

Starting from the array geometry, Rojarayanont and co-workers [18] derived the far-
field expressions of the LPLA. Similar to the approach used by Carrel for the analysis of
the log-periodic dipole antenna, they used circuit techniques. The circuits for the analysis
of the LPLA areillustrated in Figure 3.2-2.
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Figure 3.2-1 Geometry and coordinates for log-periodic circular loop antenna.
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It has two parts; one is the feeder circuit (Figure 3.2-2 (b)) with aternating and
properly spaced gaps to which the elements are actually attached, and the other is the
antenna-elements part (Figure 3.2-2 (a)), from which the fields are radiated.

If the impedance matrix of the antenna element circuit is denoted as [Z,"], the element
current [1,"] for the n-th mode loop current, which may be expanded into Fourier series as
in (3.1-11), isrelated to the element voltage [V4] by

ENENEA ts
()] o

where [V,"] depends on the feed gap size of each loop element, which is accounted for in

[B"] term.

Likewise, feed current [I:] on each feed termina pair is related to the feed voltage [V+]
by

[ ]=[v ] ] (324

where [Y4] is the admittance matrix of the feeder circuit. It should be noted that in (3.2-3)
and (3.2-4), [Z4"] and [Y] are NxN matrices.
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Figure 3.2-2 (a) Element circuit and (b) feeder circuit for the analysis of LPLA
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Now, because the driving current matrix is the sum of [I5"] and [I{] due to the

Kirchhoff’'s current law, we can write

QR
ISR ARAID 629
P ISRGED =Y

where [V] = [V4 = [Vq]. Therefore, once [£], [8"] and [Yf] are found from the array

geometry [22], the driving voltage matrix can be readily calculated as

[V] = @[Za“]_l[ﬁ”] + [Yf ]gl [ﬁ|] (3.2-6)
where

!
30
(=55 (3.2-7)

o

Then, from (3.2-3) the antenna current on each element can be found using the Fourier

series expansion and matrix form as given below,

1=3[]= 5 {lz7] e v (3.2:8)

Once the current distribution on the antenna geometry is known, the radiation pattern
can be readily obtained. Rojarayanont, et al. [18] derived and calculated expressions for

the far-field E- and H-plane patterns. They also measured these patterns. Figure 3.2-3 (a)
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shows their results for a 10-element LPLA with the parameter values: 1t = 0.9, ¢ = 0.09m,
and bg = 7.9577 cm.

The patterns for the same antenna were also calculated by using the ESP code. The
patterns are shown in Figure 3.2.3 (b). Comparison of Figures 3.2-3 (@) and (b) reveals that
the main lobes and the overall shapes of patterns are in very good agreement. It is noted
that the main beam peaks are directed toward the apex because the fields in the broadside
direction are cancelled due to 180° alternating phase shift between the adjacent loop
elements. The subprogram WGEOM in Appendix B was used for this ssimulation. In this
subprogram, the terminal impedance Zt (see Figure 3.2-1), if present, can be added.

Rojarayanont, et al [18] also compared the gains and front-to-back ratios of LPLA and
LPDA, as shown in Figure 3.2-4 (a). Generaly, LPLA has 1.5 to 2 dB higher gain than
LPDA, which was also predicted by Singh, et a [17]. The reason is that a loop antenna at
the resonant frequency has much higher gain than a dipole antenna at its resonant
frequency. Figure 3.2-4 (b) shows variations of gain versus frequency calculated from the
ESP with 200 Q terminal impedance. Although gain values obtained from ESP are about 2
to 4 dB lower, the overall shape of the gain curve in Figure 3.2-4 (b) is similar to that in
Figure 3.2-4 (a).
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Figure 3.2-3 Far-field radiation patterns of LPLA in the E- and H-planes by
(a) Rojarayanont, et a [18] and (b) ESP
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Chapter 4. Numerical Analysis of LPLA
with Ground Reflector

The investigation of the log-periodic loop antenna with ground reflector is presented
with a numerical analysis of its radiation characteristics including gain, far-field pattern,
polarization, and input impedance. The method of moment program ESP is used to
calculate these characteristics. The goal of this research is to design and analyze a new
kind of antenna, which can provide wide bandwidth, high gain, and (if possible) circular
polarization for wideband wireless communication applications. Also, size reduction is an
important objective of this research. The numerical analysis for the antenna is later
complemented with measurements performed at the Virginia Tech Antenna Laboratory.
Details of antenna construction and pattern and input impedance measurements are
addressed in Chapter 5.

4.1 Geometries and Parameters

At the early stage of this investigation, a log-periodic hemispherical antenna was
examined to see if the desirable characteristics might be achieved. The research was
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expanded to a number of other geometries. It was found that sometimes one geometry
provides high gain but not desirable polarization, whereas another geometry shows very
high gain and stable linear polarization only in a narrow bandwidth. After several trias,
eventually the log-periodic loop antenna with a ground reflector below the apex of the

antenna emerged as a useful candidate.

Many cases of the LPLA with ground reflector were examined over a wide range of
frequencies. Numerical results for LPLAs with 5 to 10 circular loops are calculated and
compared. These LPLAS have a conical or inverted conical shape, as shown in Figure 4.1-
1, with full angles of 30°, 45°, and 60°. The geometries can be generated by using the
subroutine WGEOM, which is listed in Appendix B. Also, the subroutine would be very
useful for the analysis of any variations, which have circular loop antennas as elements.
All antennas are designed for operation around 2.0 GHz, because mobile communication
systems like pagers, cellular and PCS phones use the frequency range of 800 MHz - 2800
MHz. Table 4-1 summarizes the range of variables used in the numerical analysis of
LPLAs. The vaues of T, a, and o are chosen so that the resulting gains can be compared
to the constant directivity contours for LPDAS by Carrel [14] after severa trials with the

aim of achieving wide bandwidth and high gain.

Table 4-1 Variables and corresponding ranges for the investigation of LPLA

with ground reflector.

Parameter Value Range
- Scalefactor, t 1=084
« Subtended angle, o a = 30°, 45°, 60°
- Spacing factor, o o =0.149, 0.097, 0.069
« Frequency, f 0.8GHz<f<4.8GHz
« Number of loops, N 5<N<10
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(b)

Figure 4.1-1 (a) Inverted LPLA and (b) LPLA generated by ESP.



During the numerical analysis of these antennas, it was discovered that an antenna
with N=6 and a=30° provides the best performance in terms of gain and polarization
bandwidth. Also the antenna with N=7 and a=45° exhibits good characteristics. Section

4.3 focuses on evaluation of properties of these antennas.

4.2 Simulation by ESP

The ESP code is a Fortran program of about 7,000 lines, including many subroutines
such as WGEOM, which was developed at the Ohio State University. It uses delta gap
source, electric field integral equation (EFIE), and piecewise sinusoidal reaction
formulation. Since basis (expansion) and test (weighting) functions are both piecewise
sinusoidal, the used MoM can be called Galerkin’s method [15].

Four types of files are used in the ESP code. The first is an input file (.INP), through
which input data are entered. The second one is an output file ((OUT), where output data
such as wire geometry, far-zone patterns and input impedance are created. The third is a
pattern file (.PAT), where data for far-zone pattern and phase difference are obtained. The

last is referred to as plate file (.PLT), which contains plate geometry information.

Antenna geometries can be formed in two ways in the ESP; one is by using an input
file (.INP) and the other is by programming the WGEOM subroutine, in which a user can
create a wire antenna geometry. Once an antenna geometry consisting of wires and plates
is defined in the ESP, the antenna characteristics such as gain, radiation pattern and input
impedance can be analyzed easily.
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In making a new wire geometry by the ESP, there are some limitations that must be

observed. They arelisted asfollows [6]:

FMC = frequency in megahertz

A = the wire radius in meters. ‘A’ should be less than Q0.0The thin wire
approximations will also be violated if two wire segments intersect at a small acute
angle (i.e. <39 or if two wire segments pass within a few wire diameters of each
other.

SEGM(NPL) = the maximum segment size of the surface patch monopole should not
exceed 0.2k and is typically chosen 0.25

The length of each segment should not exceed a quarter wavelength.

No wire segment should be smaller than two times the wire radius.

The feed locations, for mutual coupling, must be adjacent to a point on the wire which
has only two segments emanating from it.

Excitation may be either by a delta-gap voltage generator or by a plane wave.

The frequency must be low enough that BDSK(I)=0.4 meters is no more than 0.25
Wire/plate junctions must be at least0daway from all edges of the plate to which

the wire is attached.

4.3 Radiation Characteristics of LPLA with Ground
Reflector

The geometry of LPLA is shown in Figure 4.1-1 (b). This antenna is based on the log-

periodic antenna concept, as discussed in Sections 2.3 and 3.2. Moreover, ground reflector

in the apex region of the LPLA can be included in order to obtain higher gain and reduce

back radiation.

Because LPLAs are expected to be wideband, their segmentation should be
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determined in terms of the corresponding wavelength. For gain calculation, presented in
Section 4.3.1, 12 segments per one wavelength on loop elements and about 4 segments on
feed lines between two adjacent elements of the antennas are used for faster calculation to
figure out general outline. Since ESP uses piecewise sinusoidal functions as the basis and
weight functions, these numbers of segments are adequate for convergence of solution
with reasonable accuracy. However, 28 segments per one wavelength on both loop
elements and feed lines are used to achieve more accuracy for comparison with the
measured results. In all cases, a square ground reflector plane, 0.24 m on each side, is used

as shown in Figure 1-2.

4.3.1 Gain and Directivity

The ESP program calculates the gain components, Ge and Gy, referenced to an

isotropic linearly-polarized antenna, from the following expressions:

-l (43.1-1)
731, R, o
— ‘E¢"2r2 (4312)
?301,[°R, "~

where |4 and Ra are the current and resistance at the antenna input terminals, and Es and

E, are eectric field components in the far-zone region [23]. In addition, Ge and G, are
dimensionless and can be expressed in dB or linear scales. ESP produces Ge and Go in dB.
Once the two gain components, Ge and G, are obtained, the total gain can be found as
[15]:
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G(6,¢) =G, +G,
[|Eg|2 +‘E¢‘2]r2 (4.3.1-3)

301,°R,

If antenna radiation efficiency, e, is 100 percent, the directivity, D, becomes equa to
the gain, because

G=eD=1D O<es<1 (4.3.1-4)

where R; is radiation resistance. The 100 % efficiency means that the antenna is lossless
and all input power is accepted as radiation power. Usually, e is equal to 1 in simulations

by the ESP. Thus, for al the results in this chapter and in Appendix C, e = 1 is assumed.

The LPLASs investigated, here, have full cone angles of 30°, 45°, and 60° and all have
the same scale factor, 1 = 0.84. The remaining specifications of the antennas are

summarized below :

® 0 =0.149, 0.097, and 0.069 for LPLA with a = 30°, 45°, and 60°, respectively
For 30° LPLA, the 5th loop is located in 7 cm from ground reflector and the
circumference of the loop is 11.785 cm, which has a resonant frequency at 2545.6
MHz

® For 45° LPLA, the 6th loop is at a height of 7 cm from ground reflector and the
circumference of the loop is 18.218 cm, which resonates at 1646.7 MHz

® For 60° LPLA, the 7th loop is 7 cm from ground reflector and the circumference of

theloop is 25.393 cm, which corresponds to 1181.4 MHz

Figure 4.3.1-1 shows variations of Ge and Ge at 6=0° in the H-plane for a 5-turn LPLA
(see Figure 4.1-1 (b)) and inverted LPLA (see Figure 4.1-1 (a)) with ground reflector over
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a frequency range of 1.0 to 6.0 GHz, with 200 MHz increments. Figure 4.3.1-2 shows the
gain fluctuations for 6- and 7-turn LPLA with ground reflector in the same plane, over the

same frequency range asin Figure 4.3.1-1.

Examination of Figure 4.3.1-1 reveals that Gy is significantly larger than Ge in the H-
plane. This characteristic is believed to originate from the element pattern of the single

loop antenna discussed in Section 3.1. Thus, the total gain is approximately equal to Ge.

Comparison of Figure 4.3.1-1 (@) and (b) reveals that, generally, the inverted LPLA
with ground plane has less gain than the non-inverted LPLA with ground plane. This is
attributed to the fact that the main beam of LPLA without ground plane, discussed in
Section 3.2, is directed toward the apex. Here the ground plane plays the role of a
reflector, hence the name, “Ground Reflector (GR)”. Moreover, the LPLA-GR provides a
wider 3-dB gain bandwidth for {&&omponent than the inverted LPLA-GR.

It is also noticed thats@s significantly lager than &or 6- and 7-turn LPLA-GR in
the H-plane, as shown in Figure 4.3.1-2. More importantly, the 6-turn LPLA-GR with
a=3C exhibits gain values above 10 dB from 2.0 to 3.25 GHz with less than 3-dB
variation (see Figure D-1 in Appendix D for detail). This design appears to be the best
among all cases studied in this research. This antenna yields a bandwidth of [15]:

foof 25-2.
aw =2~ 1000 %xm% = 47.62% (4.3.1-5)

C

where { denotes the center frequency. The 7-turn I43LA with GR provides 21.05%
bandwidth from 1.7 to 2.1 GHz with a gain of about 9 dB.
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It isemphasized that the overall bandwidth is influenced by the antennainput impedance.
The input impedances of these antennas fluctuate widely over the corresponding frequency

ranges, as will be discussed |ater.

Figure 4.3.1-3 illustrates G, for the 8-, 9-, and 10-turn LPLAs with GR in the H-plane.
As in al previous cases in this section, generaly the LPLAS-GR with a=30° provides
higher gain than the other two antennas with a=45° and 60°. This is quite natural because

the elements of the LPLA-GR with 0=30° have closer circumferences than the others.

4.3.2 Far-Field Pattern

As mentioned in the preceding section, the ESP yields the two orthogonal gain
components. Referring to (4.3.1-1) and (4.3.1-2), Ee and E, far-field patterns are the same
as Ge and Gy gain patterns, respectively, because radiation pattern is a plot of relative
power versus angular coordinates. Appendix C contains the computed far-field radiation
patterns for a 6-turn LPLA with a=30° and a 7-turn LPLA with a=45°. These antennas
have ground reflector and the frequency range is 1.55 GHz to 4.4 GHz. Figure 4.3.2-1
shows the typical far-field patterns for 6-turn LPLA-GR with a=30° in the E-plane
obtained from ESP, using 28 segments per wavelength for each loop and feed line between

two adjacent loops.
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Figure 4.3.2-1 Radiation patterns for a 6-turn LPLA-GR with a=30° at 2301 MHz
in the E-plane: () Ge, (b) Ge.



Referring to Figure 4.3.2-1, the E-plane pattern for Ge has a relatively broad
beamwidth. The 10 dB beamwidth, which is often used to characterize parabolic feeds,
may be a more appropriate measure of this antenna’s radiation pattern than the 3 dB
beamwidth. The 10 dB beamwidth of the 6-turn LPLA-GR with3(® is about 63 while
the 3 dB beamwidth is about<3@he SLL (Side Lobe Level) is about 14.0 dB below the
main beam. It is noted that unlike, @hich is dominant in the H-plane as discussed in
Section 4.3.1, &is dominant in the E-plane as shown in Figures 4.3.2-1, and C-1 in

Appendix C.

It is also noticed that there is small amount of back radiation behind the ground
reflector. The back lobe is created from the scattering at the edges of the ground reflector.
If the ground reflector is enlarged, the back lobe can be reduced more. In Figure 4.3.2-1
(a), the front-to-back ratio is about 18.787 dB, which indicates that the pattern can be

considered as unidirectional.

The broad beamwidth and high front-to-back ratio are also observed in the far-field
patterns presented in Appendix C. Furthermore, the patterns in Appendix C confirm the
47.62% bandwidth for the 6-turn LPLA-GR with=30° and 21.05% for the 7-turn LPLA-

GR witha=45, which are obtained in Section 4.3.1. Over the bandwidth of each antenna,
gain variations are less than 3 dB and the patterns sustain their shapes. The half-power
beamwidths (HP) for the 6-turn and 7-turn antennas over their respective bandwiths are

summarized below :

HP for G patterns of 6-turn 3LPLA-GR in the E-plane 36
HP for G patterns of 6-turn 3LPLA-GR in the H-plane 44°
HP for G patterns of 7-turn £493.PLA-GR in the E-plane 29
HP for G, patterns of 7-turn 49.PLA-GR in the H-plane 37
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4.3.3 Polarization

In the two preceding sections, it was noted that G, component of the gain is dominant
in the H-plane, while it is negligible in the E-plane. This indicates that the LPLA-GR is a
linearly polarized antenna [24]. These characteristics are also those of a single-loop
antennathat constitutes the element for the LPLA.

In the same way, the LPLA-GR provides linear polarization in the ¢g=45° plane, which
lies between the E- and H-planes, similar to the single loop antenna. Figure 4.3.3-1
illustrates this characteristic in the 45° plane. Ge and Gy are nearly equal to 6.75dB.
Besides, the phase difference between these two gain components is close to zero in the 6
=0r direction, ensuring the linear polarization. It is also confirmed in Figures in Appendix

C over al frequency range that LPLA provides the linear polarization.
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4.3.4 Input Impedance

Input impedance is one of the most important characteristics of an antenna. To avoid
signal distortions, constant input impedance over a wide bandwidth is desirable. The ESP

calculates the antenna input impedance by using the following formula:

[1]= [Zen] V) (4.34-1)

where [V ] represents a delta gap voltage source. Once [Zny] is found from the EFIE, the
approximate current distribution in discrete form on an antenna can be computed and then
the antenna input impedance Z, found by inverting antenna current | at the unit voltage
feed point.

Even though the ESP calculations of gain and pattern converge rapidly with coarse
segmentation as shown in Appendix D, it is not the case in input impedance calculation of
complicated geometries like the 6-turn LPLA-GR. The input impedance is very sensitive
to the number of segments used in the simulation of antennas and fluctuates widely over
the gain bandwidth. Figure 4.3.4-1 shows the input impedance versus frequency (real and
imaginary parts) for a 6-turn LPLA-GR with a=30° in two cases corresponding to about
12 and 28 segments per wavelength. We believe that input impedance results from ESP
are not reliable enough to make conclusive and unambiguous assessment. For this reason,
input impedance measurement is indispensable in practice and the measured results will be
presented in Section 5.3.

However, it can be inferred that the LPLA-GR has resonance characteristic because

the impedance contains significant reactance part over the operation frequency. This

phenomenon is well observed in measured results.
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4.4 Comparison of LPDA, LPLA without Ground
Reflector and LPLA with Ground Reflector

So far, LPDA, LPLA without ground reflector and LPLA with ground reflector have
been investigated in Sections 2.3, 3.2, and 4.3, respectively. All the geometries can be
used to achieve high gain, wide bandwidth, and unidirectional far-field radiation pattern.
However, a LPLA without ground reflector provides 1.5 to 2 dB higher gain than a LPDA
with the same scale and spacing factors, number of elements, and terminal resistance over
their respective frequency ranges of operation, as shown in Figure 3.2-4. It was also
noticed that the gain calculated by Rojarayanont [18] is about 2 to 4 dB higher than that
obtained from ESP. Taking the fact into account, it becomes evident that the 6-turn LPLA-
GR with a=30° provides about 5 dB higher gain than the LPLA without GR. As for the
antenna input impedance, it seems that Z;, for LPLA without GR varies less than that for
LPLA with GR over awide bandwidth.

Furthermore, both of LPLAs with and without GR provide reduced transverse
dimensions by a factor of 2/m as compared to the LPDA at their respective resonant

frequencies. It can be understood by

A
transverse length of LPLA "/T 2

= == (4.4-1)
transverse length of LPDA A4 A m

where Ay (wavelength at the resonance of loop element) = A4 (wavelength at the resonance
of dipole element). They also have the advantage that the loop elements may be circular,

square, or rectangular and hence an added degree of flexibility.
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4.5 Expected Applications of the LPLA

Because of smaller transverse dimensions than LPDA, both LPLAs with and without
GR can be useful in situations where size is important, as in aircraft, spacecraft, and
satellites. They can be mounted on cars for the mobile communications. They are also
expected to be useful as receive antennas in EMC (ElectroMagnetic Compatibility)
scattering range as shown in Figure 4.5-1 [25].

Another important potential application of LPLAS is as feeds for parabolic reflector
antennas [26, 27]. If the LPLA-GR is used for the feed, the whole system can be
considered as dual reflector antenna. It iswell known that these features are very useful in
the area of satellite communications, which demand very high directivity. Figure 4.5-2
illustrates an application of the log-periodic antenna as a feed for the reflector. To be
precise, the feed is a log-periodic toothed trapezoidal wedge antenna discussed in Section
2.2.2.

51



Transmitter

Target

v LPLA for Receiver

Ground plane

Figure 4.5-1 Schematics of time-domain scattering range

Figure 4.5-2 Four-foot dish with the log-periodic feed [26].
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Chapter 5. Measurements of LPLA with
Ground Reflector

In order to confirm the results of the numerical analysis, three LPLAs with GR were
built and tested for far-field pattern and antenna input impedance. The far-field
measurements were taken on the Virginia Tech antenna range and the input impedance
measurements by using a network analyzer over awide range of frequencies. These results
are presented in this chapter and compared to those generated numerically by the ESP in
Chapter 4. Section 5.1 will describe the construction of antennas, while Sections 5.2 and

5.3 discuss measurements of far-field pattern and input impedance, respectively.

5.1 Antenna Construction

Three prototype LPLAs with GR were constructed for experimental study. The choice
of antenna parameters were made based on simulation results presented in Section 4.3.
The names referred to the three constructed prototype LPLAs with GR are listed in Table
5-1. Figure 5.1-1 illustrates the photograph of LP2.
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Table 5-1 Parameters for constructed LPLAs with GR

Design Parameters
Antennas N Scale Factor (1) | Subtended Angle () | Spacing Factor (o)
LP1 6 0.84 30° 0.149
LP2 6 0.84 30° 0.149
LP3 7 0.84 45° 0.097

The LP1 and LP2 antennas, which have gain operating bands from 2 to 3.25 GHz, are
intended for operation in a higher frequency range, while LP3 has been designed for
operation in a lower frequency range from 1.7 to 2.1 GHz. Also, the feed points are
located on two parallel lines having 10 mm spacing for LP1 and 14 mm spacing for LP3.
The LP2 isidentical to the LP1 except that the feed points are located on two lines with an
angle of 10° and intersecting at the apex of antenna cone. Measurements in these

frequency ranges can be performed conveniently at the Virginia Tech Antenna Laboratory.

The construction of antennas began with drawing the two-dimensional body shapes of
LP1, LP2, and LP3 on atwo-ply vellum bristol board (a kind of paper). Then, the conical

surfaces, on which the loop elements and their feeds are mounted, were formed.

A copper wire with a diameter of 1 mm (0.99 mm by measure) was used for the
construction of each loop element with two crossed arms for feeding. The loop elements
were placed on the conical surface and were secured by gluing the copper wire to the
paper. Each element was then connected to the neighboring element by soldering the
crossed arms, asillustrated in Figure 5.1-1.

Finally, each LPLA was mounted above a circular ground reflector with a diameter of
30.4 cm as shown in Figures 1-2 and 5.1-1. The antennais fed with two coaxial cables by
means of two ‘RF rear-panel-mount gold connectors’. The inner conductors of the coaxial
cables are connected to feed terminals of the antenna near the apex, while the outer

conductors of the cables are attached to the ground plane, as indicated in Figure 5.2-1.



Figure 5.1-1 Photograph of a 6-turn LPLA with a=30° mounted above a ground reflector.



5.2 Far-Fideld Pattern M easurements

The two feed lines of LPLA form a balanced transmission line which should be
connected to a test equipment by means of a coaxial cable. In these measurements, an
unbalanced coaxia cable connects the antenna under test to the receiver equipment. In
order to connect this unbalanced cable to the balanced line, a balun should be used as
shown in Figure 5.2-1. Considering the measurement frequency range for the test
antennas, a model 4346 Narda balun was used. This balun has an operating frequency
range from 2 to 18 GHz.

For the source antenna, a model SGA-20 horn antenna was used. It has a width of
145" and a height of 10.75" at the aperture, and is fed by a WR 430 (4.3'x2.15")
waveguide. Generating the TE;o dominant mode, the source antenna can rotate in the
direction of roll, thus alowing the E field to be vertically or horizontally polarized.
Actuadly, the source antenna is a standard gain horn antenna. Its gain characteristic,
however, is not necessary because only radiation patterns are of interest in this experiment.

Once the source horn was fixed vertically or horizontally, the test antenna was rotated
about the test tower for copolarized or cross-polarized radiation pattern. This kind of
polarization measurement should be in the E- and H-planes for at least 4 cut tests. An
attempt was also made to take pattern cuts in the 45° plane between the E- and H-planes
like the numerical analysis in Section 4.3.3. Here, the principal planes are determined by
the locations of cross feed line, as discussed in Section 3.1.

Figure 5.2-2 shows measured and calculated far-field patterns of Ge component for
LP1 at 2301 MHz in the E-plane. The measured Ge pattern has HP of about 37° and SLL
of about 9.12 dB. The corresponding calculated pattern shown in Figure 5.2-2 (b) indicates
that HP = 36° and SLL = 14.0 dB. There is a good agreement between the measured and
calculated patterns as noted by comparing Figures 5.2-2 (a) and (b).
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Ground Reflector
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Balun
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Figure 5.2-1 Feed arrangement for LPLA with GR
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Figure 5.2-2 (a) Measured Ge pattern and (b) Calculated Ge pattern for LP1
at 2301 MHz in the E-plane
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Figure 5.2-3 Measured far-field patterns for LP2 at 2301 MHz in the E-plane.
(@) Ge, (b) G
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Figure 5.2-3 shows measured far-field patterns for LP2 at 2301 MHz in the E-plane.
The LP2 yields Ge pattern with HP = 34° and SLL = 10.72 dB. These values are close to
the corresponding simulation results illustrated in Figure 4.3.2-1, of which the dominant

Ge pattern is presented again in Figure 5.2-2 (b).

While the measured Ge patterns agree well with the calculated pattern, the G, patterns
seem to be different from the computed pattern as shown in Figure 4.3.2-1 (b) in the E-
plane. This is due to the fact that the ¢-component of the electric field is very small and
looks like noise. Thus, the G, pattern in the E-plane can be ignored as investigated in
Section 4.3.

Figure 5.2-4 illustrates measured and calculated Ge patterns at 1.8 GHz in the E-plane
for LP3. The measured Ge pattern has HP of about 29° and SLL of about 4.04 dB.
Similarly, the calculated Ge pattern has HP of about 32° and SLL of about 4.72 dB.
Therefore, comparison of Figure 5.2-4 (a) and (b) indicates that the overall agreement

between the measured and cal culated patterns is good.
Appendix E contains the measured patterns for both far-field components, Es and E.

Tables E-1, 2 and 3 are useful for easy and valuable comparison with Ge and G, patterns
from the ESP in Appendix C.
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Figure 5.2-4 (a) Measured Ge pattern and (b) Calculated Ge pattern for LP3 at 1.8 GHz

in the E-plane
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5.3 Input |mpedance Measurement

As discussed in Section 4.2.4, the antenna input impedance is a very important issue.
The ESP simulation result of LPLA with GR for input impedance, however, is not
reliable.

Fortunately, there is a good method to test the impedance of wideband balanced
antennas, such as LPLA with GR [28]. If a balanced antenna is treated as a two port
network, the scattering parameters of the antenna can be measured by a network analyzer.
Here, abalun asin Figure 5.2-1 (b) is not necessary, which makes the measurement easier.

The antenna impedance can be cal culated using the following formula[28]:

1+s,-s
=27, —32 =2 531
Antenna 0 1_ Sll + %l ( )

z

An HP 8720C network analyzer was used for measuring the scattering parameters, s;1

and sy, after calibration. The network analyzer referenced at the ends of the two port

coaxia cables, which have the characteristic impedance (Zo) of 50Q. A total of 1601

sampling points covered a frequency range from 800 MHz to 8 GHz. Consequently, a step
frequency of 5 MHz was set up for antenna input impedance measurements.

Figures 5.3-1, 2, and 3 show the normalized input impedance measured for LP1, LP2,
and LP3, respectively. Small resistance values close to zero and significant reactance are
noticed as expected in the simulation results of Section 4.3.4. However, the exact values
from the measurement do not agree with those from the simulation. The reason is that the
ESP code is not reliable in the input impedance calculation for the complicated geometries
like LPLA.
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Figure 5.3-1. Normalized input impedance to Z;=50Q for LP1 :

Resistance (solid line) and Reactance (dashed line).
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Figure 5.3-2. Normalized input impedance to Z;=50Q for LP2 :

Resistance (solid line) and Reactance (dashed line).
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Figure 5.3-3. Normalized input impedance to Z,=50Q for LP3:
Resistance (solid line) and Reactance (dashed line).
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In asmall region, there is a little negative resistance, which seems to be an error from
the test. Also, sometimes sy; is different from sy, which should be the same idedlly. After
correcting the slight negative resistance by replacing it with 0.05Q and averaging s;; and
Sy, actual resistance and VSWR (Voltage Standing Wave Ratio) were computed using
MATLAB. Here, the VSWR can be calculated from the following formula[29]:

1+
VAR = (5.3-2)
1-|r]
where T isthe reflection coefficient defined by
) (5.3-3)
Z,+27,

Figures 5.3-4, 5, and 6 illustrate the resistance and VSWR for LP1, LP2 and LP3. It is
worth noting that LP2 provides promising VSWR values from 2460 to 2930 MHz, which
belongs to gain bandwidth. The input impedance bandwidth is 17.44%. From this result, it
can be implied that the feed lines, aso, should follow the angle dependence concept,
which was discussed in Section 2.1.1.
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Figure 5.3-4 (a) Input resistance and (b) VSWR for LP1 with correction of

negative resistance and averaging of s;; and 1
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Figure 5.3-5 (a) Input resistance and (b) VSWR for LP2 with correction of

negative resistance and averaging of s;; and 1
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Figure 5.3-6 (a) Input resistance and (b) VSWR for LP3 with correction of

negative resistance and averaging of s;; and s;
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Chapter 6. Conclusions and

Recommendations for Future Work

The log-periodic loop antenna with ground reflector has been presented as a new type
of wideband antenna. Compared to existing log-periodic antennas such as LPDA and
LPLA without GR, the LPLA with GR provides higher gain and wider gain bandwidth.
The numerical analysis of the LPLA with GR was carried out using the ESP program,
which is a code based on the piecewise sinusoidal Galerkin’s methoéa kind of method of

moments.

Three prototype LPLAsS-GR were built and tested in the Virginia Tech Antenna
Laboratory for radiation pattern and input impedance. The important results and
conclusions of this investigation are summarized in Section 6.1 and recommendations for

future work are presented in Section 6.2.
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6.1 Summary of Results

® Compared to the LPDAS, the LPLASs provide the advantage of size reduction in
transverse dimensions by a factor of 2/m.

® Theradiation characteristics of the loop element in the axial direction are preserved in
both LPLAs with and without GR, whose fields in the broadside direction are
cancelled due to 180° alternating phase shift between the adjacent loop elements. The
Ge far-field pattern is dominant in the E-plane, while the G, pattern is dominant in the
H-plane. Hence, the LPLAS have linear polarization and unidirectiona patterns.

® Improvement of several decibelsin gain can be achieved by using ground reflectorsin
the apex region of LPLAs. For example, the gain (or directivity) of a 6-turn 30°
LPLA-GR can be about 12 dBi. Also, the smaller is the subtended angle (a) and the
closer to unity is the scale factor (1), the larger will be the directivity of the antenna.

® The ground reflector seems to increase the bandwidth. For example, the 6-turn 30°
LPLA with GR yields 47.62 % gain bandwidth.

® | PLAs with GR are expected to find applications as feeds for reflector antennas, as
mobile communication antennas, and as detectors in EMC scattering range.

6.2 Recommendations for Future Work

® Planar LPLA. If the spacing factor (o) goes to zero, the 3-dimensional LPLA
becomes 2-dimensional LPLA. This planar LPLA is aso an interesting geometry and
IS suggested to be analyzed, using the subroutine WGEOM in Appendix B or by
another method.

® Optimization of LPLA design. LPLA with good performance from the point of
view of gain, bandwidth, beamwidth, etc., can be designed by optimizing its
geometry. If the optimization is made by controlling t (scale factor), o (spacing

factor), a (subtended angle), zero offset, etc., higher gain, wider polarization or input
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impedance bandwidth are likely to be achieved.

Input impedance bandwidth. The input impedance of LPLAS with or without GR
needs to be more carefully studied. Ways of increasing input impedance bandwidth
need to be explored. For example, termina resistance can be included for impedance
matching.

Gain Measurement. A horn antenna was used as source in the far-field pattern
measurements. By using the gain characteristic of the standard gain horn antenna,
gain measurement and comparison with simulation results can be made.

Parabolic Reflector for satellite communications. Construction and test of dual
reflector antennas using the LPLAs with GR are suggested. These will provide a very
high directivity, which is arequired characteristic for satellite communications.
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Appendix A. Matlab program for the

calculation of far-field patterns

Based on the concept of Section 3.1 and Werner’s paper [19], the following programs
were coded by using MATLAB ver 4.2 b [30]. These two codes, A.1 and A.2, calculate E
pattern in the E-plane and theattern in the H-plane, respectively.
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A.l1det.m

%To get radiation pattern from (106) of Werner

clear;

freq=2.0e9; %operation frequency
lambda=300e6/freq;
r=100*lambda; %far-field region

b=0.023873; %radius of the circular loop antenna

theta=[0.1:0.1:360]* pi/180;
beta=2* pi/lambda;

w=beta* b*sin(theta);

E_theta=-60* pi*i* cot(theta)* sin(pi/2)* exp(-i* beta*r) ...
*besselj(1,abs(w))/r;

net = abs(E_theta)/max (abs(E_theta)); %normalized in the linear scale

polarwt(theta,net) %function to plot the pattern in wanted polar form
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A.2dep.m

%To get radiation pattern from (106) of Werner

clear;

freq=2.0e9; %operation frequency
lambda=300e6/freq;
r=100*lambda; %far-field region

b=0.023873; %radius of the circular loop antenna

theta=[0.1:0.1:360]* pi/180;
beta=2* pi/lambda;

w=beta* b*sin(theta);

E_theta=-60* pi*i* cot(theta)* sin(pi/2)* exp(-i* beta*r) ...
*besselj(1,abs(w))/r;

net = abs(E_theta)/max (abs(E_theta)); %normalized in the linear scale

polarwt(theta,net) %function to plot the pattern in wanted polar form
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Appendix B. Subroutine WGEOM for
LPLA

The Fortran source code is presented for the ESP subroutine, WGEOM, which was
used to generate input data for the geometry of the log-periodic loop antenna as described
in Section 3.2 and 4.1. WGEOM should be very useful because it allows the user to
change the parameters of the wire structure without having to recompile the program. The
ESP User’'s Manual [6] contains a full explanation of how to define the geometry of a wire

antenna with a subroutine and integrate it with the main program.

The three input parameters for the LPLA can be accepted in the subroutine by the
following READ statements:

® NLP - Total number of loop elements that the LPLA would have.

® RADI - Data of radius which each element would have in meters. This parameter
includes the data of NPL numbers with a space between two radius data. The unit is in
meters.

® GAP - Spacing between the two adjacent loops, except that the first datum is the

spacing between the apex and the first loop. This parameter also includes the data of
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NPL numbers with a space between two radius data. The unit isin meters.

As an example, the input file for the computation of the 10-turn LPLA without ground

reflector in Section 3.2 is given below (See [6] for detail).

1211104618100

11200

002 90.0

000000O

0000

1000.0 -1.0 0.0034

0

00

10

.04699 .05221 .05801 .06446 .07162 .07958 .08842 .09824 .10912 .12129
.001 .059049 .06561 .0729 .081 .09 .1 .111111 .123457 .137174

As another example, the input file for the computation of the 7-turn, 45° LPLA with

ground reflector in Section 4 is given below.

1211104618100

112900

002900

00000O

0000

2250.0 -1.0 0.0005

1

4020130

-0.12 -0.12 0.0

0.12 -0.12 0.0

0.12 0.12 0.0

-0.12 0.12 0.0

00

7

.01213 .01444 .01719 .02046 .02436 .02899 .03452
.032275 .005576 .006638 .007903 .009408 .0112 .013333
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The WGEOM subroutine for the 7-turn LPLA islisted below.

C**********************************************************************

C WGEOM Subroutine for Log-Periodic Loop Antenna
C Generates input datafor the geometry of a LPLA
C
C Programmed by Jeong Il Kim
Ok ok ok koo ko ko ko ko ko ko ko ko ko ko ko ko ko ko ko ko ko ko
C
C234567
SUBROUTINE WGEOM(IA,IB,X,Y,Z,NM,NP,NAT,NSA ,NPLA,VGA,BDSK,
&ZLDA,NWG,VG,ZLD,WV,NFS1,NFS2,NRUN,A)
DIMENSION IA(1),1B(1),X(1),Y (1),Z(1),RADI(7),GAP(7),ZOFFSET(8),
&NMC(7), NMCS(8), NTS(7), XS(6), CIF(7), NS(7), NSS(8),
&NSA(1), NPLA(L), BDSK(1)
COMPLEX VGA(1), ZLDA(1), VG(2), ZLD(2)
REAL PI
C
C

C ******* The Log-Periodic Loop Antenna geometry is now defined *******
C
C Number of loops of Log-Periodic Antenna
READ(5,*)NLP
C Theradii for al the loops
READ(5,*)RADI
C The spaces between the adjacent two loops
READ(5,*)GAP
C
Pl = 3.14159265
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C
C Define coordinates of wire start-points and end-points of segments
C
C Calculate the distance from zero point (feed point).
ZOFFSET(0)=0.0
DO 10 L=1,NLP
ZOFFSET(L)=ZOFFSET(L-1)+GAP(L)
print * ,ZOFFSET(L)
10 CONTINUE
C Calculate the circumferences for all the loops
DO 20 L=1,NLP
CIF(L)=2*PI*RADI(L)
20 CONTINUE
C
C Calculate the numbers of segmentsfor all the connection feed lines
C and loops, and Insure that each NMC & NSis an even number.
print * ,WV="WV
NMCS(0)=0
NSS(0)=0
DO50L=1,NLP
NMC(L)=GAP(L)*25/WV + 0.99999999
NMC(L)=2* (NMC(L)+1)/2)
NMCS(L)=NMCS(L-1)+NMC(L)
NS(L)=CIF(L)*20/WV + 0.99999999
NS(L)=2* ((NS(L)+1)/2)
NSS(L)=NSS(L-1)+NS(L)
print *,nmc(l),ns(l)
50 CONTINUE
C
C Total number of wire segments, NM (definition required by ESP)
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NM = NSS(NLP) + 2*NMCS(NLP) - 2*NLP

C Tota number of wire points, NP (definition required by ESP)
NP = NSS(NLP)-NLP + 2*(NMCS(NLP)-NLP) + 1
print * ’'NM="nm,” NP=",np

C
C Apex point

X(1)=0.0

Y(1) = 0.0

Z(1) = 0.00000001
C

C Define thefirst bottom circular loop
DO 200 K=1,NMC(2)
X(1+K)=RADI(1)* COS(2* PI/NS(1))*K/NMC(1)
Y (1+K)=RADI(1)* SIN(2* PI/NS(1))* K/INMC(1)
Z(1+K)=ZOFFSET(1)*K/NMC(1)
IA(K)=K
IB(K)=K+1
200 CONTINUE
C
C Definethefirst feed lines
DO 250 K=1,NMC(2)
X (NMC(1)-2+NS(1)+K)=RADI(1)* COS(2* PI/NS(1))* (NMC(1)+1-K)

& INMC(1)
Y (NMC(2)-2+NS(1)+K)=-RADI(1)* SIN(2* PI/NS(1))* (NMC(1)+1-K)
& INMC(2)

Z(NMC(1)-2+NS(1)+K)=ZOFFSET(1)* (NMC(1)+1-K)/NMC(1)
IA(NMC(L)-2+NS(1)+K)=NMC(1)-2+NS(1)+K
IF(K.EQ.NMC(1))GO TO 260
IB(NMC(L)-2+NS(1)+K)=NMC(1)-1+NS(1)+K

250 CONTINUE



260 IB(NMC(1)-2+NS(1)+NMC(1))=1

C
C Define the feed lines from the first loop to the last loop element.
NTS(0)=2
DO 300 J=1,NLP-1
NTS(J)=NS(J)-1+2* (NMC(J)-1)+NTS(J-1)
C

DO 400 K=1,NMC(J+1)
X(NTS(J)+K-1)=RADI (J)* COS(2* PI/NS(J))+( RADI(J+1)*
& COS(2* PI/NS(J+1))-RADI(J)* COS(2* PIINS(J)) )* KINMC(J+1)
Y (NTS(J)+K-1)=-RADI(J)* SIN(2* PI/NS(J))+( RADI(J+1)*
& SIN(2* PI/NS(J+1))+RADI(J)* SIN(2* PI/NS(J)) )* KINMC(3+1)
Z(NTS(J)+K-1)=ZOFFSET(J)+GAP(J+1)* KINMC(J+1)
400  CONTINUE
IANNTS(I)+F1)=NTS(J)-NMC(J)
DO 410 K=1,NMC(J+1)-1
IB(NTS(J)+K-1+31)=NTS(J)+K-1
IANNTS(I)+K+F1)=NTS(J)+K-1
410  CONTINUE
IB(NTS(J)+NMC(FH1)-1+3-1)=NTS(J)+NMC(3+1)-1

XS(J)=X (NTS(J)+NMC(J+1)/2-1)+5* A
DO 430 L=1,NMC(J+1)/2+1
IF( XS(J).GT.RADI(J+1)* COS(2* PI/NS(J+1)) ) THEN
X(NTS(J)+NS(J+1)+NMC(J+1)-4+L)=RADI(J+1)* COS(2* PI/NS(J+1))+
& ( XS(J)-RADI(I+1)* COS(2* PI/NS(3+1)) )* (L-1)/(NMC(J+1)/2)
ELSEIF( XS(J).EQ.RADI(J+1)* COS(2* PI/INS(J+1)) ) THEN
X (NTS(J)+NS(F+1)+NM C(J+1)-4+L)=RADI (F+1)* COS(2* PI/NS(J+1))
ELSE
X(NTS(J)+NS(J+1)+NMC(J+1)-4+L)=RADI(J+1)* COS(2* PI/NS(J+1))-
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& ( RADI(3+1)* COS(2* PIINS(3+1))-X S(J) )* (L-1)/(NMC(3+1)/2)
ENDIF
430 CONTINUE
IF(NMC(J+1).EQ.2)GO TO 445
DO 440 L=NMC(3+1)/2+2,NMC(J+1)
X(NTS(J)+NS(F+1)+NM C(H+1)-4+L)=X S(J)-( X S(J)-RADI(J)*
& COS(2* PIINS(J)) )* (L-(NMC(J+1)/2+1))/(NMC(3+1)/2)
440 CONTINUE
445 DO 450 L=1,NMC(J+1)
Y (NTS(J)+NS(F+1)+NMC(3+1)-4+L)=-RADI(H+1)* SIN(2* PI/NS(J+1)) +

& ( RADI(J+1)* SIN(2* PI/NS(3+1))+RADI(J)* SIN(2* PI/NS(J)) )*

& (L-D)/NMC(J+1)
Z(NTS(J)+NS(J+1)+NMC(J+1)-4+L)=ZOFFSET (J+1)-

& GAP(J+1)*(L-1)/NMC(J+1)

450 CONTINUE
DO 460 L=1,NMC(J+1)-1
IANTS(J)+NS(I+1)+NMC(I+1)-3+L+IF1)=NTS(J)+NS(J+1)+

& NMC(J+1)-3+L-1
IB(NTS(J)+NS(3+1)+NMC(3+1)-3+L+F-1)=NTS(I)+NS(J+1)+
& NMC(3+1)-3+L

460 CONTINUE
IANTS(J)+NS(F1)+2* NMC(3+1)-3+J-1)=NTS(J)+NS(J+1)+
& 2*NMC(J+1)-4
IB(NTS(J)+NS(JH1)+2* NMC(3+1)-3+J-1)=NTS(J)-NS(J)-(NMC(J)-2)
C
300 CONTINUE
C
C Define the second loop element to the last loop element.
DO 500 J=1,NLP
DO 600 M=1,NS(J)-3
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PHI=2*PI* (M+1)/NS(J)
X (NTS(J1)+NMC(J)-1+M)=RADI(J)* COS(PHI)
Y (NTS(J-1)+NMC(J)-1+M)=RADI(J)* SIN(PHI)
Z(NTS(J-1)+NMC(J)-1+M)=ZOFFSET (J)
IA(NTS(J-1)+NMC(J)-2+M+J-1)=NTS(J-1)+NMC(J)-2+M
IB(NTS(J1)+NMC(J)-2+M+IJ1)=NTS(F1)+NMC(J)-1+M
600 CONTINUE
IA(NTS(J-1)+NMC(J)-4+NS(J)+J-1)=NTS(J-1)+NS(J)+NMC(J)-4
IB(NTS(J-1)+NMC(J)-4+N(J)+J-1)=NTS(J-1)+NS(J)+NMC(J)-3
500 CONTINUE
C
C Complex voltage generator, VG
VG(1) =(1.0,0.0)
C Outer disk radius of disk monopole (should be about .2lambda), BDSK
BDSK (1) = 0.2*WV
C Total number of wire attachment points, NAT (LPLA is not attached to the square plate
making the Ground Reflector - definition required by ESP)

NAT =0
C No mutual coupling computations
NFS1=0
NFS2=0
C
RETURN

END
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Appendix C. Numerically-Calculated Far-
Field Patternsof LPLAswith GR

The far-field radiation patterns are plotted for LPLAS-GR with N=6, a=30°, and N=7,
a=45° over a frequency range from 1.55 GHz to 4.4 GHz; see Section 4.3. These ESP-
calculated patterns may be compared with measured patterns in Appendix E with the help
of Tables E-1, 2, and 3. Since Ge patterns are dominant in the E-plane and G, patternsin
the H-plane, most figures show the dominant patterns. However, a few of non-dominant
patterns are included. The gain of each component is defined in (4.3.1-1) and (4.3.1-2) and
isrelated to the electric field component, as mentioned in Section 4.3.2.

Figure C-1 shows calculated patterns for LP1 at 2001 MHz in the E- and H-planes. It
is noticed that the Gs and G, patterns of Figures C-1 (a) and (d) are dominant in the E- and
H-planes, respectively, while the patterns of Figures C-1 (b) and (c) are very small. The
rest of calculated patterns are presented in the order of frequency increase in one principal
plane per one page. The reason for choice of frequencies such as 2001 MHz, 2301 MHz,
2601 MHz, etc. is that the source generator in the measurement system has a discontinuity
at 2000 MHz.
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Figure C-2 Calculated Ge patterns for LP1 in the E-plane at (a) 2601 MHz,
(b) 2901 MHz, (c) 3201 MHz, and (d) 3501 MHz
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Figure C-3 Calculated Gy patterns for LP1 in the H-plane at (a) 2601 MHz,
(b) 3201 MHz, (c) 3801 MHz, and (d) 4401 MHz
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Figure C-4 Calculated Ge patterns for LP3 in the E-plane at (a) 1.55 GHz,
(b) 1.65 GHz, (c) 1.75 GHz, and (d) 1.85 GHz
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Figure C-5 Calculated Ge patterns for LP3 in the E-plane at (a) 1.95 GHz,
(b) 2.05 GHz, (c) 2.15 GHz, and (d) 2.25 GHz
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Figure C-6 Calculated Gg patterns for LP3 in the H-plane at (a) 1.75 GHz,
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(b) 1.95 GHz, (c) 2.15 GHz, and (d) 2.35 GHz



Appendix D. Effect of Number of
Segments on  Radiation  Properties
Predicted from ESP

In Chapter 4, ESP was used for numerical analysis of LPLAs-GR. It has been reported
that ESP converges rapidly for a dipole input impedance [15]. But it does not seem to
work for more complex geometries like the LPLAS-GR. Figure 4.3.4-1 illustrates the

effect of number of segments on the input impedance.

On the other hand, the ESP provides accurate results for such radiation properties as
gain and far-field pattern even with different number of segments. Figure D-1 illustrates
gain variations when about 12 segments and 28 segments per wavelength are used for
LPLA-GR with N=6, a=30°. Figures D-2 (a), (b), (c), and (d) show the far-field patterns
by using about 12 segments per wavelength. These patterns agree well with Figures C-1
(d), C-3 (a), C-3 (b), and C-3 (c), which were obtained using about 28 segments per
wavelength.
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Figure D-1 Gain variations when about 12 segments (solid line) and 28 segments
(dashed line) per wavelength are used for LPLA-GR with N=6, a=30°
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Appendix E. Measured Far-Field Patterns
of LPLAswith GR

The measured far-field radiation patterns are presented for LPLAS-GR with N=6, a
=30° (LP1 and LP2), and N=7, a=45° (LP3) over afrequency range from 1.55 GHz to 4.4
GHz. Since Ge patterns are dominant in the E-plane and G, patterns in the H-plane, most
figures show the dominant patterns in each plane. However, a few of non-dominant
patterns are included. The normalized magnitudes of both components are plotted in the E-
, H-, or 45°-plane in dB scale.

These measured patterns may be compared with numerically-cal culated patterns given
in Appendix C with the help of Tables E-1, 2, and 3, where C and E are for Figure C and
Figure E, respectively. Actually, LP2 antenna was not simulated, but measured. The
geometry of the LP2, however, is nearly identical to that of LP1 except the feed line
arrangement as mentioned in Section 5.1. Therefore, the calculated patterns for LP1 can be
compared with the measured patterns of LP2. The overall agreement between the
measured and cal culated patternsis very good.
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Table 5.2-1 For comparison of simulated and measured patterns for the

LP1 antenna
E plane 45° plane H plane
Ge Go Ge Go Ge Go

2001 MHz | C-1 (a), C-1(b), |Fig. 4.3.3-1 (a), |Fig. 4.3.3-1 (b), | C-1(c), | C-1(d),

E-1(a) E-1(b) |E-6(a) E-6 (b) E-1(c) |E-1(d)
2301 MHz [Fig. 4.3.2-1(a), |[Fig. 4.3.

Fig.5.2-2(a) | 2-1(b)
2601 MHz | C-2 (a), E-3(a) E-5(@ |C-3(),

E-2 (a) E-4 ()
2901 MHz | C-2 (b),

E-2 (b)
3201 MHz [ C-2 (c), E-3(b) E-5(b) | C-3(b),

E-2 (c) E-4 (b)
3501 MHz | C-2 (d),

E-2 (d)
3801 MHz C-3(0),

E-4 (¢

4401 MHz E-6 (c) E-6 (d) C-3(d)
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Table 5.2-2 For comparison of simulated and measured patterns for the

LP2 antenna
E plane H plane
Go Go Ge Go
200LMHz [C-1(a),E-7(@ |C-1(b),E-7(b) [C-1(c),E-7(c) |C-1(d), E-7(d)
2601 MHz (C-2(a),E-8(a) |E-8(b) E-9(a) C-3(a), E-9 (b)
3201 MHz [C-2(c),E-8(c) |E-8(d) E-9(c) C-3(b), E-9 (d)

Table 5.2-3 For comparison of simulated and measured patterns for the

LP3 antenna
E plane H plane
Ge Go Ge Go
155GHz | C-4(a)
165GHz | C-4(b), E-10(a)
1.75GHz | C-4(c),E-10(b) |E-12(d) E-14 (3) C-6 (a), E-13 (a)
1.85 GHz C-4(d),E-10(c) |E-12(b)
1.95GHz |C-5(a),E-10(d) |E-12(c) E-14 (b) C-6 (b), E-13 (b)
2.05 GHz C-5(b),E-11(a) |E-12(d)
2.15GHz C-5(c), E-11 (b) E-14 (c) C-6(c), E-13 (¢)
225GHz | C-5(d)
2.35GHz E-14 (d) C-6 (d), E-13 (d)
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Figure E-1 Measured patterns for LP1 at 2001 MHz : (a) G, (b) Ge in the E-plane
(c) Ge, (d) Gy inthe H-plane
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Figure E-2 Measured Ge patterns for LP1 in the E-plane at (a) 2601 MHz,
(b) 2901 MHz, (c) 3201 MHz, and (d) 3501 MHz
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Figure E-3 Measured G patterns for LP1 in the E-plane at (a) 2601 MHz,
and (b) 3201 MHz
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Figure E-4 Measured Go patterns for LP1 in the H-plane at (a) 2601 MHz,
(b) 3201 MHz, and (c) 3801 MHz
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Figure E-5 Measured Ge patterns for LP1 in the E-plane at (a) 2601 MHz,
and (b) 3201 MHz
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Figure E-6 Measured patterns for LP1 in the 45°-plane at 2001 MHz : (a) Ge, (b) Go
and at 4401 MHz : (c) Ge, (d) Ge
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Figure E-7 Measured patterns for LP2 at 2001 MHz : (a) Ge
(c) Ge, (d) GeintheH
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Figure E-8 Measured patterns for LP2 in the E-plane at 2601 MHz : (a) Gs, (b) Ge
and at 3201 MHz : (c) Ge, (d) Ge
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Figure E-9 Measured patterns for LP2 in the H-plane at 2601 MHz : (@) Ge, (b) Ge
and at 3201 MHz : (c) Ge, (d) Ge
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Figure E-10 Measured Ge patterns for LP3 in the E-plane at (a) 1650 MHz,
(b) 1750 MHz, (c) 1850 MHz, and (d) 1950 MHz
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Figure E-11 Measured Go patterns for LP3 in the E-plane at (a) 2050 MHz,
and (b) 2150 MHz
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Figure E-12 Measured Go patterns for LP3 in the E-plane at (a) 1750 MHz,
(b) 1850 MHz, (c) 1950 MHz, and (d) 2150 MHz
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Figure E-13 Measured Gg patterns for LP3 in the H-plane at (a) 1750 MHz,
(b) 1950 MHz, (c) 2150 MHz, and (d) 2350 MHz
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Figure E-14 Measured Ge patterns for LP3 in the H-plane at (a) 1750 MHz,
(b) 1950 MHz, (c) 2150 MHz, and (d) 2350 MHz
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