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ANALYSIS OF AN ARRAY OF LOG-PERIODIC DIPOLE ANTENNAS
FOR GENERATING TEST FIELDS

Galen H. Koepke, David A. Hill, and Mark T. Ma

Electromagnetic Fields Division
National Bureau of Standards

Boulder, CO 80303

An analysis of log-periodic dipole antennas was extended to

study their use in arrays designed for electromagnetic
susceptibility measurements. Parameters of an array of five
log-periodic dipole antennas were calculated and in some cases
compared to a single log-periodic dipole antenna. These
parameters were used to evaluate the tradeoffs that exist in the

design of an optimum transmitting antenna for susceptibility
measurements

.

Key words: broadband antenna; electromagnetic susceptibility;
log-periodic dipole antenna; near-field phased array.

1 . INTRODUCTION

A method has been developed to synthesize a desired field distribution

over a limited volume for electromagnetic susceptibility (EMS) testing [1],

This technique uses an array of elements fed in such a manner that a given

field distribution (typically a plane wave) is generated in the near-field

region of the array. An array designed in this manner is known as a near-

field phased array. The technique has been verified with an array of Yagi-

Uda antennas [2] and has shown good agreement with theory and experiment.

The ability to generate a given test field at a particular fixed frequency

[2] is useful for verifying a concept, but a general purpose EMS facility

should perform over a broad range of frequencies. There is a need for wide

frequency coverage in order to perform measurements with a minimum of

mechanical adjustments and equipment changes. The motivation for this study

is to examine the possibilities of constructing an array of broadband

elements in an effort to extend the usable bandwidth of the array and to
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determine what enhancements can be obtained to the field strength at a

particular test point by using an array instead of a single broadband

element.

Devices such as transverse electromagnetic (TEM) cells [ 3 ] and

parallel plate transmission lines are useful for frequencies below about 50

MHz and compact ranges [4] for use at higher frequencies above 1 GHz which

can be used to produce TEM fields for testing purposes. There is a range of

frequencies between 50 MHz and 1 GHz where this near-field phased array may

find greatest application, and the attention will be given to that band.

A common, proven broadband antenna that radiates linear polarization

and is used in this frequency range is the log-periodic dipole antenna

(LPDA). This antenna design has received considerable attention [5,6,7,8,91

and has been modeled theoretically. For these reasons the LPDA was chosen

for the elements of the phased array. Some of the other frequency-

independent antennas [10] are not useful for our purposes because they

radiate circular polarization. The TEM horn [11] is broadband and radiates

linear polarization, but its field distribution is difficult to calculate.

This report is organized in the following manner. Section 2 details

the analysis of the LPDA including geometry and circuit models. This

section includes a description of the LPDA used for the array study and

describes the important characteristics of the antenna. Section 3 details a

simple array configuration and describes the calculations used to arrive at

the field in front of the array. Section 4 gives the comparisons of the

array of LPDAs vs a single LPDA at various operating frequencies and test

points. Section 5 draws some conclusions and makes recommendations for

future work.

2. LOG-PERIODIC DIPOLE ANTENNAS

Log-periodic dipole antennas belong to a class of antennas that

exhibit nearly frequency-independent char acter i st i cs [12]. They are
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actually arrays of dipole antennas, but we refer to the array as an antenna

in order to avoid confusion later when we form an array of LPDAs . The input

impedance and radiation pattern of a properly designed LP DA vary

periodically with the logarithm of frequency and the variation within the

logarithmic period is negligible [13]. These frequency- independent

properties are bandlimited by the fact that the actual antenna is a

truncation of an infinite structure, but given enough properly sized and

spaced elements the bandwidth is arbitrarily large.

2.1 Design Characteri sties and Analysis

A typical log-periodic dipole antenna is shown in figure 1. The

antenna is an array of parallel center-fed linear dipoles lying side by side

in a plane. The lengths and radii of dipole elements form a geometric

progression with a common ratio x, called the scale factor:

h a

t-2- = —— = x, n = 1 ,2,3, • • • *N-1 , 0<x<1 , (1)

n + 1

3
n+1

where h^ is the half-length, a^ is the radius of the nth dipole, and N is

the total number of dipoles in the antenna. The ratio of half-length to

radius is constant for all dipoles. (However, in examining several

commercial antennas the radius appears to be constant over the entire

antenna using the same materials for all dipoles. This analysis assumes the

antenna is constructed with the radius of each dipole satisfying equation

1.) A line through the ends of the dipole elements makes an angle a with

the array axis at the virtual apex 0. The spacing factor o’ is defined as

the ratio of the distance between two adjacent elements to twice the length

of the larger element and is constant for a given LPDA . The geometry of

figure 1 relates a* to x and a:

a ' =
Hh

n+1

yn+l'yn
4h .

n+1

(hn+rh
n
)cot a

1,„ ,

Im— = ¥
(1"T)cot a.

n+1
(2)
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The following analysis is drawn from Ma [8] and is based on the work

of Carrel [ 7 ]. The calculations treat the LPDA as a parallel circuit

combination of two distinct parts, the feeder circuit which is a balanced

constant-impedance feed line and the dipole antennas which are connected

such that the phase reverses for adjacent dipoles. The voltages and

currents at the input terminals of the dipole elements are determined by

solving circuit equations. A schematic representation of the circuit

elements is shown in figure 2. The current-voltage relations for the dipole

element circuit (figure 2a) can be written as

[VI = [Z ][I ] or [I ] = [Z ] ’[V] (3)
a a a a a a

where

_I
1 a" V

*
Z
2 a and 1

—

1

< 1

1
n

V
2a

X
Na_ >.

are Nxl column matrices representing, respectively, the driving base

currents and response voltages for the dipole elements, and

Z
1

1

a
Z
12 a

Z
1Na

tZ
a

] ‘
Z
21 a

Z
22a

* * * Z
2Na

Z
N1a

Z
N2a

* *

•

Z
NNa

is the associated NxN open-circuit impedance matrix.

The main diagonal of [Z ] in (5) represents the self-impedances of the
3.

dipoles while the off-diagonal elements represent the mutual impedances

between dipoles indicated by the indices. All of these impedances can be
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calculated (Ma [8], eq 4.32 or eq 4.33 and eq 4.38 or eq 4.44). These

impedance calculations are derived by the induced-etnf method with the King

and Wu [14] three-term assumption for the current distribution on the dipole

antennas.

The cur rent- voltage relations for the feeder circuit shown in figure

2b can be expressed by

[I
f

] = [Y
f
][V

f
] - [Y

f
][V

a
3, (6)

where

1 hH

JL.

I
<

J V
[I

f
]

=
1
2f II

i

—i>
L
1"Oc

V
2f =

V
2a

i
i—

i

z

*

1 -
V
Nf- -

V
Na_

are the driving currents and response voltages, respectively, for each

section of the transmission line which constitutes a complete feeder

circuit, and

"y

1 1f
Y

1 2f
Y
INf

[Y
f

] -
Y
21 f

Y
22f

• • • Y
2Nf

Y
Nlf

Y
N2f

• • • Y
NNf

is the associated NxN short-circuit admittance matrix of the feeder. The

matrix elements of [Y^.] in (8) depend on the lengths of the transmission

line in each section and the characteristic admittance Y
Q

,
which is known

for a given transmission line. The elements of [Y ] can be calculated by (Ma

[8] eq 5.9).

5



The feeder and antenna circuits are connected in parallel at the

dipole bases. Hence there is no difference between the feeder voltage

matrix [ V ] and the antenna voltage matrix [V ], and [V] is used to
I d

represent both, as shown in figure 2c.

Adding (3) and (6) we obtain the total input current matrix:

[I] = [I ] + [I-] = { [U] + [Y ][Z ] } [I ] , (9)d I Ida
where [U] is the NxN unit matrix.

The matrix elements of [I] represent the input currents to each node

point (dipole base) at the point where the antenna and feeder circuits are

connected. The dipole base current matrix [I ] can be determined from (9)
3

by matrix inversion:

[I ] = { HU] + [Y„][Z ]} ^I]
d Id ( 10 )

where the elements of [I] are all zero except for the driving current to the

array at the base of the smallest dipole, which is assumed to be 1 A.

The response voltages appearing at the dipole bases can then be

determined by substituting (10) into (3). The input impedance Z^
n

of the

entire array, which is numerically equal to the voltage across the feed

point since the input current is assumed to be 1 ,
is

Z.
in

= V =

N

I

i = 1

Z. . I.
1 la la

= R
in

JX,
in

( 11 )

Figure 3 shows the details of an 1 8-element LPDA for use in the 200-

600 MHz frequency range. This antenna is given as an example in ([9],

example 6. 3. pg. 299) and has characteristics that are of interest in this
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study. The base currents of the dipole elements at 300 MHz calculated by

the above method are shown in figure 4, and comparisons are made with moment

method calculations by Stutzman and Thiele [9] for a transmission line

impedance of 83 ft as given in [9] (this impedance is changed to a more

common value of 50 ft for all subsequent calculations). The data in figure 4

show the relative base currents for each dipole in the antenna and

illustrate the three different regions of the LPDA [7]. The first region is

called the transmission region which includes the feed point (dipole 1) and

the first few elements that have very low base currents. The dipoles in

this region have the smallest physical dimensions and define the upper

frequency limit of the antenna. The second region is referred to as the

active region. Here the dipoles have relatively high base currents, and

this is where the majority of radiation takes place. The dipoles in this

region have lengths close to one-half wavelength. The remaining longer

dipoles are in the unexcited region. This region defines the lower

frequency limit of the antenna.

2.2 Radiated Fields

The radiated fields of the antenna can be calculated using assumed

current distributions on the dipoles, the relative amplitudes of the base

current for each dipole, and the geometry of the array. The components of

the far-field can be evaluated in closed form ([8], section 5.2) for the

three-term current. However, for this application the region of interest

includes close distances in front of the array. The integrals for terms

that include the higher inverse powers of distance, which become more

significant at close distances, cannot be easily evaluated analytically and

a numerical integration becomes necessary.

The formulation for the fields radiated by any segment of a particular

dipole can be derived in terms of the vector potential [15, 16, 17]. The

electric and magnetic field components are found by performing the required

mathematical operations on the vector potential function. The rectangular

cartesian coordinate system is chosen with the dipole orientated along the
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x-axis. The vector potential A at a field point (x,y,z) for this

configuration can be expressed as

h -*j kr

a a
x b l I(x') dx', (12)

-h

2 2 2 2
where a

x
is the unit vector in the x direction, r = (x-x') + y + z ,

and

I(x’) is the current distribution along the antenna. The electric field (E)

and the magnetic field (H) are related to A by

E = — j a)A -
cope

V(V*A) and H = - (VxA),
U

(13)

where u> is the radian frequency, with e^
wt

as the time dependency, p is the

permeability, and e is the permittivity of the transmission medium (free

space). The indicated derivatives are performed retaining all the higher

inverse powers of r. The resulting integrals are then evaluated numerically

with Simpson’s 1/3 rule [18] using the current weightings derived for each

dipole. The fields from each dipole in the LPDA are summed together at a

given test point to give the total field from the array of dipoles.

A sample calculation for the electric field along the boresite (vs -y

at x = z = 0) of the LPDA using the asymptotic expression for the fai—field

and the complete expressions containing the near-field terms evaluated via a

numerical integration routine is shown in figure 5. These data are useful

for comparing the two calculations and verifying the near-field derivation

and integration routines. The data also illustrate the region where far-

field calculations are no longer adequate and produce incorrect results.

The remaining calculations utilize the near-field terms and should be valid

at all distances.
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3. AN ARRAY OF LOG-PERIODIC DIPOLE ANTENNAS

The single LPDA with its endfire radiation pattern and fixed geometry

does not provide means to vary the field structure. A desired flexibility

can be gained by constructing an array of LPDAs with the amplitude and phase

of the feed current, number of elements, and the array geometry providing

the necessary parameters required to control the radiated field. These

parameters are somewhat arbitrary yet interrelated. The intended use of the

array will, in most cases, determine practical choices for the array

parameters. This application requires the array to be easily handled, thus

limiting the overall size; to provide a maximum field strength for a given

input power; and to provide acceptable field uniformity over the test

volume. After considering the array geometry, the maximum field strength vs

field uniformity compromises will be discussed.

3.1 Array Geometry

The array geometry shown in figure 6 details a planar five-element

broadside array of LPDAs. This configuration is a minimum sized array that

will provide some flexibility in the control of the field structure in a

small test volume. Additional elements would increase this capability but

at the expense of feed complexity and ease of handling. The five elements

are arranged with the outer four on the corners of a square and one in the

center. The symmetry of this geometry permits the simplest possible feed

network with the center element as one feed value and the outer four

elements taking another value. The need to illuminate a volume of cubic or

spherical proportions has ruled out other possible geometries such as

arranging the elements in a linear fashion. The elements are spaced

sufficiently far apart (on the order of a wavelength) such that effects from

mutual coupling between the LPDA elements can be neglected. Mutual coupling

was found to be negligible in an earlier near-field array [2], and there are

no corrections for these effects in this analysis.
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3.2 Element Excitation

As mentioned above, the five-element array has only two values of the

feed current, with the outer four elements requiring an identical value.

The near-field synthesis technique can be used to determine what the feed

should be for a given field structure. Typical improvements in field

uniformity for a similar array can be found in [2] and a similar analysis

for this array is not repeated here. It should be noted that the near-field

synthesis technique tends to prescribe feed values that are not well matched

to the common 1/2 - 1/2 power splitters [2]. Attenuators are then required

increasing the losses in the feed system. For an application where field

uniformity or prescribed structure is the most important feature, these

additional losses can easily be tolerated or a feed system specif ideally

designed based on these requirements. However, for the purpose of this

study emphasizing the frequency dependent nature of the array along with the

potential application requiring the maximum field strength for a given input

power for which attenuators in the feed system should be avoided, the

amplitude weightings are chosen such that common power splitters may be

used. The array elements are then assumed to be fed with equal splitting

where the center element receives 1/2 and the outer four elements each

receive 1/8 of the power. The relative phase is adjustable and will be

examined. The phase can be determined by hot-spot theory [19] which results

in the outer elements leading the center such that the field is in phase at

the test point. Alternatively, the phase of the outer elements can be

retarded relative to the center to produce a more uniform field over a wider

area. The actual phase chosen for the array will be determined by the

application.

4. NUMERICAL RESULTS

4.1 Comparison with Single LPDA

The intended use for an array of LPDAs is to produce a specified field

environment for EMS testing. A typical measurement involves positioning the
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equipment under test (EUT) and the transmitting antenna such that the EUT is

exposed to the specified field to be generated by the transmitting antenna.

In many situations the EUT may be quite large (e.g.,. aircraft) and it is

more practical to move the transmitting antenna rather than the EUT to

provide various illuminations for the EUT. A single LPDA is obviously more

convenient than an array of several LPDAs and in some situations may be a

good choice.

Many susceptibility tests require high field strengths to simulate

real environments that exist where the equipment is to be used. Higher

field levels obviously require larger power amplifiers, but some enhancement

may also be attained by reducing the distance between the transmitting

antenna and the EUT. Figure 7 details what happens to the ratio of the

dominant far-field components (E /H ) as this distance is varied. The E /H
X Z X z

ratio begins to deviate from the free space impedance value of 120tt ft at

about 2 wavelengths separation distance for both the single LPDA and the

array of 5 LPDAs whose individual LPDAs are fed in-phase. This deviation

from 120-rr ft indicates the deterioration of the plane wave field structure

into a complex near-field environment. Figure 7 indicates that either

antenna may be usable to a fraction of a wavelength with relatively minor

deviation of the wave impedance. However, it is not practical to operate an

antenna at such close distances to a typically reflective EUT because of the

interaction and mutual coupling that will occur between the antenna and the

EUT.

The array has some advantages in terms of field strength in the test

zone, control over field uniformity, and flexibility in the size of the test

zone. The enhancement in field strength is demonstrated in figure 8 for the

case where the array elements are fed in phase. The dominant electric field

component (E
x

) is calculated for a single LPDA and for the array of 5 LPDAs

along the boresite of each. The array is able to concentrate more energy in

the test zone for the same total input power than a single LPDA. The

improvement in field strength can be seen as a function of distance in

figure 9 where the ratio of E
x

from the array to E
x
produced by the single



antenna is shown. An approximate theoretical maximum for the far-field gain

of the array over that of the single LPDA is 10 log N = 7 dB. The far-field

result in figure 9 is within half of one decibel of this maximum.

A comparison of the electric field patterns perpendicular to the

propagation direction is shown in figures 10 and 11, here the array is fed

in an in-phase manner with the same input power as the single LPDA. The

ability to vary the test volume by changing the phase of the array feed

system will be discussed in section 4.2. The single LPDA has no provisions

for changes in the radiation pattern that could alter the field in the test

zone

.

4.2 Effect of Phase Variation

The effects of changing the phase of the feed system as discussed in

section 3.2 can be seen in figures 12 and 13. The data in figure 12 show

the transverse amplitude variation in E
x

parallel to the LPDAs at a distance

of 3 meters in front of the array for differing phase of the outer four

elements with respect to the center element. The highest field strength at

the peak of the beam is obtained when the outer elements have a leading

phase angle. This angle can be determined by requiring all contributions at

a particular test point to add in phase. The most uniform field can be seen

near the phase value of -99.7 degrees. The test area of ±1 meter for this

case is not as uniform as the single LPDA of figure 10. However, if the

test area is extended to ±3 meters the array shows substantial improvement

over the single LPDA at the perimeter. The array would show improved field

uniformity in both the transverse direction shown here and in the

longitudinal direction (figure 5) if the amplitude and phase of the element

weightings were determined by the synthesis technique [2]. The phase angle

for E^ at corresponding locations is shown in figure 13. Similar data for

the H-plane pattern are shown in figures 14 and 15. These curves

demonstrate the tradeoffs that exist between maximizing power density and

generating a uniform field in the test zone.



4.3 Frequency Dependence

The characteristics of the array change as a function of frequency.

The assumption here is that the mechanical dimensions and connections are

not altered as the frequency changes. The electrical dimensions of the

array obviously then depend on frequency; the spacing of elements in terms

of wavelengths is less at low frequencies and greater at high frequencies,

and in the case of log-periodic elements, the actual point of maximum

radiation will move along the length of the LPDA. The array cannot

therefore be labeled as broadband in the same sense as the LPDA. The useful

range of frequencies over which the array may be used is limited by how much

variation can be tolerated.

The input impedance is one parameter that does not change dramatically

with frequency as it is more a function of the element characteristics than

of the array. The data shown in figure 16 are for a single 18 element LPDA

over the band of 200-600 MHz. This input impedance will become part of the

array feed network which can be designed to avoid frequency dependent

behavior

.

The relative distribution of base currents within a single LPDA is

shown in figure 17 at several frequencies. The active region of the LPDA

clearly moves along the length of the LPDA. This active region radiates the

majority of power so the effect here is one of varying the separation

distance of the array to the EUT. This would change the amplitude of the

signal but would not, in itself, change the field structure except at very

close distances.

The parameter that does have a pronounced effect upon the field

structure, given a fixed feed system, is the spacing of the individual LPDA

array elements. The array in this example is designed with a one-wavelength

spacing at the middle frequency (400 MHz). This translates to 0.5

wavelength at 200 MHz and 1.5 wavelength at 600 MHz. The effects on the

field structure are shown in figures 18 and 19. Again the data are for a

separation of 3 meters between the antenna origin and the test plane.
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5. CONCLUSIONS AND RECOMMENDATIONS

An analysis of log-periodic dipole antennas was extended to study

their use in arrays designed for electromagnetic susceptibility

measurements. The near-field contributions to the radiated field components

were included to allow the test volume to be in close proximity of the

array. The computer code developed was then used to study an array of five

LPDAs. The characteristics of the array were compared to a single LPDA in

terms of wave impedance of the radiated fields vs distance, field strength

in the test zone, field uniformity, and size of the test zone. The

radiation pattern of the array for various feed phasings was examined to

illustrate the compromises between field strength and field uniformity.

These calculations were repeated using the in-phase case for three

frequencies to show the variations that an array of fixed geometry would

experience as the operating frequency is changed. The array characteristics

will change with frequency and the useful bandwidth is determined by the

tolerances allowed. A possible alternative to the bandwidth limitation is

to adjust the mechanical spacing of the broadband elements to compensate for

the change in frequency.

This information is needed to evaluate the tradeoffs that exist in the

design of an optimum transmitting antenna for susceptibility measurements.

An array of broadband elements can increase the field strength in the test

zone, or broaden the area of uniform illumination, as compared to a single

element. The advantages of the array solution must be weighed against the

increased complexity and bulk of the array. This analysis is limited to the

relatively simple case of a five-element array due to size and handling

considerations. The flexibility provided by an array would increase as the

number of elements is increased, but for the case of EMS testing the

disadvantages of increased size make a large array less practical.

Some of the more sophisticated features of the near-field phased array

method, synthesizing the field structure, scanning the test volume, and

constraining the fields external to the test volume are not addressed in

this report. Near-field synthesis techniques tend to prescribe element



weightings of odd values [2]. The goal here was to examine an array fed in

an efficient manner without additional attenuation of the driving signal in

the feed network in order to maximize the energy delivered to the test zone.

We recommend designing a five-element array of LPDAs and testing the array

over a wide bandwidth (perhaps an octave). Measurements of the input

impedance and the near-field distribution would be useful in testing the

validity of neglecting mutual coupling. Further theoretical calculations of

other array geometries would also be interesting. Nonuniform spacings of

the array elements [8] might be helpful in increasing the bandwidth of the

array .
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Figure 1 . Geometry of a log-periodic dipole antenna.

17



Dipole Elements

t M

a.) Dipole element circuit

c) Complete circuit

Figure 2. Circuit model of a log-periodic dipole antenna.
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Figure 6. A five-element array of LPDAs.
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