CHAPTER

16

ANTENNA MEASUREMENTS

16.1 INTRODUCTION

In the previous fifteen chapters. analytical methods have been outlined which can be
used to analyze, synthesize. and numerically compute the radiation characteristics of
antennas. Often many antennas, because of their complex structural configuration and
excitation method, cannot be investigated analytically. Although the number of radi-
ators that fall into this category has diminished, because special analytical methods
{such as the GTD, Moment Method. Finite-Difference Time-Domain and Finite Ele-
ment) have been developed during the past few years, there are still a fair number
that have not been examined analytically. In addition. experimental results are often
needed to validate theoretical data.

As was discussed in Chapter 3. Section 3.8.1, it is usually most convenient to
perform antenna measurements with the test antenna in its receiving mode. If the test
antenna is reciprocal, the receiving mode characteristics (gain, radiation pattern. etc.)
are identical 10 those wansmitted by the antenna. The ideal condition for measuring
far-field radiation characteristics then. is the illumination of the test antenna by plane
waves: uniform amplitude and phase. Although this ideal condition is not achievable,
it cun be approximated by separating the test antenna from the illumination source by
a large distance on an outdoor range. At large radii, the curvature of the spherical
phasefront produced by the source antenna is small over the test antenna aperture. Iff
the separation distance is equal to the inner boundary of the far-field region, 2DYA,
then the maximum phase error of the incident field from an ideal plane wave is abowt
22.5°% as shown in Figure 16.1. In addition to phasefront curvature due (o finite
separation distances. reflections from the ground and nearby objects are possible
sources of degradation of the test antenna illumination.

Experimental investigations suffer from a number of drawbacks such as:

1. For pattern measurements. the distance to the far-field region (r > 2/A) is too
long even for outside ranges. It also becomes difficult to keep unwanted reflections
from the ground and the surrounding objects below acceptable levels.

2. In many cases, it may be impractical to move the antenna from the operating
environment to the measuring site.

3. For some antennas. such as phased arrays, the time required to measure the

necessary characteristics may be enormous,
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4. Outside measuring systems provide an uncontrolled environment, and they do
not possess an all-weather capability.

5. Enclosed measuring systems usually cannot accommodate large antenna systems
(such as ships. aircraft, large spacecraft, etc.).

6. Measurement techniques. in general, are expensive.

Some of the above shortcomings can be overcome by using special techniques, such
as indoor measurements, far-field pattern prediction from near-field measurements
[1]-14]. scale model measurements, and automated commercial equipment specifically
designed for antenna measurements and utilizing computer assisted techniques.

Because of the accelerated progress made in aerospace/defense related systems
(with increasingly smail design margins), more accurate measurement methods were
necessary. To accommodate these requirements, improved instrumentation and meas-
uring techniques were developed which include tapered anechoic chambers [5), com-
pact and extrapolation ranges [2], near-field probing techniques [2]-[4], improved
polarization techniques and swept-frequency measurements [6], indirect measure-
ments of antenna characteristics, and automated test systems.

The parameters that often best describe an antenna system’s performance are the
pattern (amplitude and phase}, gain, directivity. efficiency. impedance, current distri-
bution, and polarization. Each of these topics will be addressed briefly in this chapter,
A more extensive and exhaustive treatment of these and other topics can be found in
the IEEE Standard Test Procedures for Antennas {7], in a summarized journal paper
[8]. and in a book on microwave anlenna measurements [6]. Most of the material in
this chapter is drawn from these three sources. The author recommends that the IEEE
publication on test procedures for antennas becomes part of the library of every
practicing antenna and microwave engineer.

16.2 ANTENNA RANGES

The testing and evaluation of antennas are performed in antenna ranges. Antenna
facilities are categorized as outdoor and indoor ranges. and limitations are associated
with both of them. Outdoor ranges are not protected from environmental conditions
whereas indoor facilities are limited by space restrictions. Because some of the antenna
characteristics are measured in the receiving mode and require far-field criteria, the
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ideal field incident upon the test antenna should be a uniform plane wave. To meet
this specification, a large space is usually required and it limits the value of indoor
tacilities.

16.2.1 Reflection Ranges

In general. there are two basic types of antenna ranges: the reflection and the free-
spuce ranges. The reflection ranges. if judiciously designed [9]. can create a construc-
tive interference in the region of the test antenna which is referred (o as the “‘quiet
zone.”” This is accomplished by designing the ranges so that specular reflections from
the ground, as shown in Figure 16.2, combine constructively with direct rays.

Usually it is desirable for the illuminating field to have a small and symmetric
amplitude taper. This can be achieved by adjusting the transmitling antenna height
while maintaining constant that of the receiving antenna. These ranges are of the
outdoor type. where the ground is the reflecting surface. and they are usually employed
in the UHF region for measurements of patterns of moderately broad antennas. They
are also used for systems operating in the UHF 1o the 16-GHz frequency region.

16.2.2 Free-Space Ranges

Free-space ranges are designed to suppress the contributions [rom the surrounding
environment and include elevated ranges, slant ranges |10], anechoic chambers,
compact ranges [2], and near-field ranges |4].

A. Elevated Ranges

Elevated ranges are usually designed to operate mostly over smooth terrains. The
antennas are mounted on towers or roofs of adjacent buildings. These ranges are used
to test physically large antennas. A geometrical configuration is shown in Figure
16.3(a). The contributions from the surrounding environment are usually reduced or
eliminated by [7]
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Figure 16.3 Geometries of elevated and slant ranges. (SOURCES: [EEE Standard Test Pro-
cedures for Antennay, IEEE Std 1491979, published by 1EEE. Inc., 1979, distributed by
Wiley: and P. W. Amold. **The “Slant’ Antenna Range,’’ JEEE Trans. Antennas Propagat.,
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carefully selecting the directivity and side lobe
clearing the line-of-sight between the antennas

level of the source antenna

redirecting or absorbing any energy that is reflected from the range surface and/or

from any obstacles that cannot be removed
utilizing special signal processing techniques s
desired signal or by using short pulses

In some applications, such as between adjacent

uch as modulation tagging of the

mountains or hilltops, the ground

terrain may be irregular. For these cases, it is more difficult to locate the specular
reflection points (points that reflect energy toward the test antenna). To take into
account the irregular surface. scaled drawings of the vertical profile of the range are
usually constructed from data obtained from the U.S. Geological Survey. The maps
show ground contours [11], and they give sufficient details which can be used to
locate the specular reflection points, determine the level of energy reflected toward
the test antenna, and make corrections if it is excessive.
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B. Slunt Runges

Slant ranges [10] are designed so that the test antenna, along with its positioner, are
mounted at a fixed height on a nonconducting tower while the source (transmitting)
antenna is placed near the ground, as shown in Figure 16.3(b). The source antenna is
positioned so that the pattern maximum, of its free-space radiation, is oriented toward
the center of the test antenna. The first null is usually directed toward the ground
specular reflection point to suppress reflected signals. Slant ranges, in general, are
more compact than elevated ranges in that they require less land.

C. Anechoic Chambers

To provide a controlled environment, an all-weather capability, and security, and to
minimize electromagnetic interference, indoor anechoic chambers have been devel-
oped as an alternative to outdoor testing. By this method, the testing is performed
inside a chamber having walls that are covered with RF absorbers. The availability
of commercial high-quality RF absorbing material, with improved electrical charac-
teristics, has provided the impetus for the development and proliferation of anechoic
chambers. Anechoic chambers are mostly utilized in the microwave region, but ma-
terials have been developed [12] which provide a reflection coefficient of —40 dB at
normal incidence at frequencies as low as 100 MHz. In general, as the operating
frequency is lowered, the thickness of RF absorbing material must be increased to
maintain a given level of reflectivity performance. An RF absorber that meets the
minimum electrical requirements at the lower frequencies usually possesses improved
performance at higher frequencies.

Presently there are two basic types of anechoic chamber designs: the rectangular
and the rupered chumber. The design of each is based on geometrical optics tech-
niques, and each attempts to reduce or to minimize specular reflections. The geomet-
rical configuration of each, with specular reflection points depicted. is shown in
Figures 16.4(a) and 16.4(b).

The rectangular chamber [13] is usually designed to simulate free-space condi-
tions and maximize the volume of the quiet zone. The design takes into account the
pattern and location of the source. the frequency of operation. and it assumes that the
receiving antenna at the test point is isotropic. Reflected energy is minimized by the
use of high-quality RF absorbers. Despite the use of RF absorbing material, significant
specular reflections can occur, especially at large angles of incidence.

Tapered anechoic chambers (14] take the form of a pyramidal horn. They begin
with a tapered chamber which leads to a rectangular configuration at the test region
as shown in Figure 16.4(b). At the lower end of the frequency band at which the
chamber is designed. the source is usually placed near the apex so that the reflections
from the side walls, which contribute to the region of the test antenna. occur near the
source antenna. For such paths, the phase difference between the direct radiation and
that reflected from the walls near the source can be made very small by properly
locating the source antenna near the apex. Thus the direct and reflected rays near the
test antenna region add vectorially and provide a relatively smooth amplitude illu-
mination taper. This can be illustrated by ray tracing techniques.

As the frequency of operation increases, it becomes increasingly difficult to place
the source sufficiently close to the apex that the phase difference between the direct
and specularly reflected rays can be maintained below an acceptable level. For such
applications, reflections from the walls of the chamber are suppressed by using high-
gain source antennas whose radiation toward the walls is minimal. In addition.
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ments— 978, Proc. IEEE, Vol. 66, No. 4, pp. 483-507, April 1978. © (1978) IEEE)

the source is moved away from the apex. and it is placed closer to the end of the
tapering section so as to simulate a rectangular chamber.

16.2.3 Compact Ranges

Microwave antenna measurements require that the radiator under test be illuminated
by a uniform plane wave. This is usually achieved only in the far-field region, which
in many cases dictates very large distances. The requirement of an ideal plane wave
illumination can be nearly achieved by utilizing a compact range.

A Compact Antenna Test Range (CATR) is a collimating device which generates
nearly planar wavefronts in a very short distance (typically 10-20 meters) compared
to the 2D/A (minimum) distance required to produce the same size test region using
the stundard system configuration of testing shown in Figure 16.1. Some attempts
have been made to use dielectric lenses as collimators | 15]. but generally the name
compact antenna test range refers to one or more curved metal reflectors which
perform the collimating function. Compact antenna test ranges are essentially very
large reflector antennas designed to optimize the planar characteristics of the fields in
the near-field of the aperture. Compact range configurations are often designated
according to their analogous reflector antenna configurations: parabolic, Cassegrain,
Gregorian, and so f{orth,

One compact range configuration is that shown in Figure 16.5 where a source
antenna is used as an offset feed that illuminates a paraboloidal reflector, which
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Figure 16.5 A Compact Antenna Test Range (CATR) synthesizes planar phasefronts by
collimating spherical waves with a section of paraboloidal reflcctor.

converts the impinging spherical waves to plane waves [2]. Geometrical Optics (GO)
is used in Figure 16.5 to illustrate general CATR operation. The rays from a feed
antenna can, over the main beam, be viewed as emanating from a point at its phase
center. When the phase center of the feed is located at the prime focus of a parabolic
reflector, all rays that are reflected by the reflector and arrive at a plane transverse to
the axis of the parabola have traveled an equal distance. See Chapter 15, Section 15.4
for details. Therefore. the field at the aperture of the reflector has a uniform phase;
i.e., that of a plane wave. In addition to Geometrical Optics. analysis and design of
CATRs have been performed with a number of other analytical methods. Compact
range lest zone fields have been predicted by the Method of Moments (MoM). but at
high frequencies, the large electrical size of the CATR system makes the use of MoM,
Finite-Difference Time-Domain (FDTD), and Finite Element Method (FEM) imprac-
tical. High-frequency techniques. however. are well suited for compact range analysis
because the fields of interest are near the specular reflection direction, and the reflector
is electrically large. The Geometrical Theory of Diffraction (GTD) is, in principle, an
appropriate technique, but it is difficult to implement for serrated-edge reflectors due
to the large number ol diffracting edges. To date, Physical Optics (PO) is probably
the most practical and efficient method of predicting the performance of CATRs [16],
[17].

The major drawbacks of compuct ranges are aperture blockage, direct radiation
from the source to the test antenna. diffractions from the edges of the reflector and
feed support. depolarization coupling between the two antennas, and wall reflections.
The use of an offset feed eliminates aperture blockage and reduces diffractions. Direct
radiation and diffractions can be reduced further if a reflector with a long focal length
is chosen. With such a reflector, the feed can then be mounted below the test antenna
and the depolarization effects associated with curved surfaces are reduced. Undesirable
radiation toward the test antenna can also be minimized by the use of high-quality
absorbing material. These and other concerns will be discussed briefly.

A. CATR Performance

A perfect plane wave would be produced by a CATR if the reflector has an ideal
parabolic curvature, is infinite in size and is fed by a puint source located at ils focus.
Of course CATR reflectors are of finite size. and their surfaces have imperfections;
thus the test zone fields they produce can only approximate plane waves. Although
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there are difterent configurations of CATR, their test zone fields have some common
characteristics. The usable portion of the test zone consists of nearly planar wavefronts
and is referred to as the "*quiet zone."” Outside the quiet zone. the amplitude of the
fields decreases rapidly as a function of distance transverse to the range axis. The size
of the quiet zone is typically about 50%-60% of the dimensions of the main reflector,
Although the electromagnetic field in the quiet zone is often a very good approxi-
mation, it is not a **perfect’’ plane wave. The impertections of the fields in the quiet
zone from an ideal plane wave are usually represented by phase errors, and ripple and
taper amplitude components. These discrepancies from an ideal plane wave, that occur
over a specified test zone dimension, are the primary ligures-of-merit of CATRs. For
most applications phase deviations of less than 10° peak-to-peak amplitude ripples
of less than | dB. and amplitude tapers of less than 1 dB are considered adequate.
More stringent quiet zone specifications may be required Lo measure, within acceptable
error levels, low-side lobe antennas and low-observable scatterers. The sources of
quict zone taper and ripple are well known, but their minimization is a source of
much debate.

Amplitude taper across the quiet zone can be attributed to two sources: the feed
pattern and space-attenuation. That portion of the radiation pattern of the feed antenna
which illuminates the CATR reflector is directly mirrored into the quiet zone. For
example, if the 3-dB beamwidth of the feed is equal 1o about 60% of the angle formed
by lines from the reflector edges to the focal point, then the feed will contribute 3 dB
of quiet zone amplitude taper. In gencral, as the directivity of the feed antenna
increases, quiet zone amplitude taper increases. Usually, low-gain feed antennas are
designed to add less than a few tenths of a dB of amplitude taper. The 1/r* space-
attenuation occurs with the spherical spreading of the uncollimated radiation from the
feed. Although the total path from the feed to the quiet zone is a constant, the distance
from the feed to the reflector varies. These differences in the propagation distances
from the feed to various points across the reflector surface cause amplitude taper in
the quiet zone due to space-attenuation. This taper is asymmetric in the plane of the
feed offset.

Amplitude and phase ripple are primarily caused by diffractions from the edges
of the reflector. The diffracted fields are spread in all directions which, along with the
specular reflected signal, form constructive and destructive interference patterns in
the quiet zone, as shown in Figure 16.6(a). Considerable research has been done on
reflector edge terminations in an effort to minimize quiet zone ripple. Reflector edge
treatments are the physical analogues of windowing functions used in Fourier trans-
forms. Edge treatments reduce the discontinuity of the reflector/free-space boundary,
caused by the finite size of the reflector. by providing a gradually tapered transition.
Common reflector edge treatments include serrations and rolled edges, as shown in
Figure 16.7(a.b). The serrated edge of a reflector tapers the amplitude of the reflected
fields near the edge. An alternate interpretation of the effects of serrations is based
on edge diffraction. Serrations produce many low-amplitude diffractions as opposed
to, for example, the large-amplitude diffractions that would be generated by the four
straight edges and corners of a rectangular knife-edged reflector. These small diffrac-
tions are quasi-randomized in location and direction: hence, they are likely to have
cancellations in the quiet zone. Although most serrated-edge CATRs have triangular
serrations, curving the edges of each serration can result in improved performance al
high frequencies [18]. A number of blended, rolled edge treatments have been sug.
gested as alternatives to serrations, and have been implemented to gradually redirect
energy away from the quiet zone, as shown in Figure 16.6(b) [19]-{21]). In
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these designs, the concave parabolic surface of the reflector is blended into a convex
surface which wraps around the edges of the reflector and terminates behind it. The
predicted quiet zone fields produced by a knife-edged reflector compared to those
produced by a rolled-edged reflector are shown, respectively, in Figurcs 16.8(a.b) and
demonstrate the effecliveness of this edge treatment. Another method of reducing
quict zone ripple is to taper the illumination amplitude near the reflector edges. This
can be accomplished with a high-gain feed or the feed can consist of an array of small
elements designed so that a null in the feed pattern occurs at the reflector edges [22]-
[25]. Finally. the surface currents on the reflector can be terminated gradually at the
edges by tapering the conductivity and/or the impedance of the reflector via the
application of lossy material.
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(i) Front view of a serruted-vdge (h) Side view of a rolled-edge
CATR retlector. CATR reflector.

Figure 16.7 Two common CATR reflector edge treatments that are used to reduce the
diffracted fields in the quiel zone.

The frequency of operation of @ CATR is determined by the size of the reflector
and its surface accuracy. The low-frequency limit is usually encountered when the
reflector is about 25 to 30 wavelengths in diameter [26]. Quiet zone ripple becomes
large at the low-frequency limit. At high frequencies. reflector surface imperfections
contribute to the quiet zone ripple. A rule of thumb used in the design of CATRs is
that the surface must deviate less than about 0.007A from that of a true paraboloid
[27]. Since the effects of reflector surface imperfections are additive, dual reflector
systems must maintain twice the surface precision of a single reflector system to
operate at the same [requency. Many CATR systems operate typically from | GHz
to 100 GHz.

B. CATR Designy

Four reflector configurations that have been commercially developed will be briefly
discussed: the single paraboloid, the dual parabolic cylinder, the dual shaped-
reflector, and the single parabolic cvlinder systems. The first three configurations are
relatively common fully collimating compact ranges: the fourth 1s a hybrid approach
which combines aspects of compact range technology with near-field/far-field (NE/
FF) techniques.

The single paraboloidal reflector CATR design was illustrated in Figure 16.5. As
with all compact range designs, the feed antenna is offset by some angle from the
propagation direction of the collimated energy. This is done (o eliminate blockage
and to reduce scattering of the collimated fields by the feed. To achieve this offser,
the reflector is a sector of a paraboloid that does not include the vertex. This design
is referred to as a “‘virmal vertex'' compact range. With only one reflector, the
paraboloidal CATR has a minimum number of surfaces and edges that can be sources
of quiet-zone ripple. Feed spillover into the quiet zone is also low with this design
since the feed antenna is pointed almost directly away from the test zone. On the
other hand, it is more difficult and costly to produce a high-precision surface that is
curved in two planes (three-dimensional) compared to producing a reflector that is
curved in only one plane (two-dimensional). In addition. it has been reported that the
single paraboloidal reflector design depolarizes the incident fields to a greater degree
than other CATR designs. This is due to the relatively low f/d ratio needed to simul-
tancously maintain the feed antenna between the test zone and the reflector while
keeping the test zone as close as possible Lo the reflector aperture [28].

The dual parabolic-cylinder reflector concept is illustrated in Figure 16.9, and it
consists of two parabolic cylinders arranged so that one 1s curved in one plane (vertical
or horizontal) while the other is curved in the orthogonal plane. The spherical phase-
fronts radiated by the feed antenna are collimated first in the horizontal or vertica
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plane by the first reflector. then are collimated in the orthogonal plane by the second
reflector [29]. Because the boresight of the feed antenna is directed at almost 90° to
the plane wave propagation direction, direct illumination of the test zone by the feed
can be relatively high. In practice, quiet zone contamination {rom feed spillover is
virtually eliminated through the use of range gating. Relatively low cross polarization
is praduced with this design because the doubly folded optics results in a long focal
length main reflector.

The dual shaped-reflector CATR. shown schematically in Figure 16.10, is similar
in design to a Cassegrain antenna. but the reflector surfaces are altered from the
classical parabolic/hyperbolic shapes. An iterative design process is used to determine
the shapes of the subreflector and main reflector needed to yield the desired quiet
zone performance. The shape of the subreflector maps the high-gain feed pattern into



850 Chapter 16 Antenna Measurements

First reflector
{vertical collimation)

N

_ VAN
wone
V4
Second reflector
Feed (horizontal collimation)

Figure 16.9 Dual parabolic-cylinder compact range collimates the fields in one plane with
first reflector and then collimates the fields in the orthogonal plane with second reflector.

a nearly optimum illumination of the main reficctor. An almost uniform energy density
illuminates the central part of the main reflector while the amplitude tapers toward
the reflector edges. This design results in a very high illumination efficiency (the
power of the collimated quiet zone fields relative to the system input power) [30].
Two of the consequences of this high illumination efficiency are (1) the reduction of
spillover into the chamber reduces range clutter, and (2) the increased RF power
delivered to the target increases system sensitivity.

The single parabolic cylinder reflector system is essentially half of the dual
parabolic-cylinder CATR. The reflector has a parabolic curvature in the vertical plane
and is flat in the horizontal plane. This semicompact antenna test range collimates the
fields only in the vertical plane, producing a quiet zone which consists of cylindrical
waves, as shown in Figure 16.11 [31]-[33]. Such a compact range configuration is
utilized in the ElectroMagnetic Anechoic Chamber (EMAC) at Arizona State Uni-
versity [32]. [33].

This Single-Plane Collimating Range (SPCR) approach results in a number of
advantages and compromises compared to conventional CATR systems and near-
field/far-field (NF/FF) systems. For antennas that are small compared to the curvature
of the cylindrical phasefront, far-field radiation patterns can be measured directly,
Because of the folded optics, the radius of the cylindrical phasefront produced by the
SPCR is larger than the radius of the spherical phasefront obtainable by separating
the source antenna from the test antenna in a direct illumination configuration within
the same anechoic chamber. Thus, with the SPCR it is possible to measure, directly,
the far-field patterns of larger antennas compared to those directly measurable on an
indoor far-field range. When the size of the antenna is significant relative 1o the
curvature of the cylindrical phasefront, a NF/FF transformation is used to obtain the
far-field pattern. However, because the fields are collimated in the vertical plane, only
a one-dimensional transformation is required. This greatly simplifies the transformg-

Main
Test / reflector
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// /
Subreflector
Feed

Figure 16.10 Dual shaped-reflector compact range analogous to a Cassegrain system.
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Figure 16.11 ASU Single-Plane Collimating Range (SPCR) produces a cylindrical wave in
the quiet zone (artist rendering by Michael Hagelberg).

tion algorithm. Most importantly, there is a one-to-one correlation between a single
azimuthal pattern cut measured in the near-field. and the predicted far-field pattern.
The data acquisition time is identical to that of conventional CATRs, and the NF/FF
calculation time is nearly negligible. Another advantage of the SPCR is the size of
the quiet zone. In the vertical plane, the quiet zone dimension compared to the SPCR
reflector is similar to that of conventional CATRSs (about 50% 1o 60%). However, in
the horizontal plane. the quiet zone is nearly 100% of the horizontal dimension of the
reflector. For a given size anechoic chamber and reflector, targets having much larger
horizontal dimensions (yaw patterns ol aircraft, for example) can be measured using
the SPCR than is possible using a conventional CATR. The SPCR system is relatively
inexpensive; the manufacturer estimates that its cost is about 60% of conventional
CATR systems.

In addition to the added complexity of NF/FF transformation considerations, this
cylindrical wave approach has other disadvantages compared to conventional CATR
designs. Because the quiet zone fields are expanding cylindrically as they propagate
along the axis of the range, a large portion of the anechoic chamber is directly
illuminated. This should be carefully considered in the design of the side walls of the
anechoic chamber to control range clutter. Also. some measurement sensitivity is
sacrificed for the same reason.

Compact antenna test ranges enable the measurement of full-sized antennas in
very short distances, usually within the controlled environment of an anechoic cham-
ber. A compact antenna test range can be used to accomplish any type of antenna
testing (including radiation patterns, gain, efficiency. etc.) that can be performed on
an outdoor facility.
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16.2.4 Near-Field/Far-Field Methods

The dimensions of a conventional test range can be reduced by making measurements
in the near-field, and then using analytical methods to transtorm the measured near-
field data 1o compute the far-field radiation characteristics [2]~[4], {34]. These are
referred to as near-field to far-field (NF/FF) methods. Such techniques are usually
used to measure patterns, and they are often performed indoors. Therefore, they
provide a controlled environment and an all-weather capability, the measuring system
is time and cost effective, and the computed patterns are as accurate as those measured
in a far-field range. However, such methods require more complex and expensive
systems, more extensive calibration procedures, more sophisticated computer soft-
ware, and the patterns are not obtained in real time.

The near-field measured data (usually amplitude and phase distributions) are
measured by a scanning field probe over a preselected surface which may be a plane,
a cylinder, or a sphere. The measured data are then transformed to the far-field using
analytical Fourier transform methods. The complexity of the analytical transformation
increases from the planar to the cylindrical, and from the cylindrical to the spherical
surfaces. The choice is primarily determined by the antenna to be measured,

In general. the planar system is better suited for high-gain antennas, especially
planar phased arrays, and it requires the least amount of computations and no meve-
ment of the antenna. Although the cylindrical system requires more computations
than the planar, for many antennas its measuring. positioning. and probe equipment
are the least expensive. The spherical system requires the most expensive computation,
and antenna and probe positioning equipment, which can become quite significant for
large antenna systems. This system is best suited for measurements of low-gain and
omnidirectional antennas.

Generally, implementation of NF/FF transformation techniques begins with meas-
uring the magnitude and phase of the tangential electric field components radiated by
the test antenna at regular intervals over a well-defined sutface in the near-field. By
the principle of madal expansion, the sampled E-field data is used to determine the
amplitude and phase of an angular spectrum of plane, cylindrical. or spherical waves,
Expressing the tota! field of the test antenna in terms of a modal expansion, allows
the calculation of the field at any distance from the antenna. Solving for the fields at
an infinite distance results in the far-field pattern.

A consideration of the general case of scanning with ideal probes over an arbitrary
surface [34] reveals that the choice of scanning surfaces is limited. Morse and Fesh-
bach [35] show that derivation of the far-zone vector field from the near-field depends
on vector wave functions that are orthogonal to that surface. Planar. circular cylin-
drical, spherical, elliptic cylindrical, parabolic cylindrical, and conical are the six
coordinate systems that support orthogonal vector wave solutions. The first three
coordinate systems are conducive to convenient data acquisition, but the last three
require scanning on an elliptic cylinder, a parabolic cylinder, or a sphere in conical
coordinates [34]. Thus, the three NF/FF techniques that have been developed and are
widely used are based on planar, cylindrical, and spherical near-field scanning
surfaces.

Acquisition of planar near-field data is usually conducted over a rectangular x-y
grid, as shown in Figure 16.12(a), with a maximum near-field sample spacing of
Ax = Ay = M2 [36]. It is also possible to acquire the near-field measurements on a
plane-polar grid |37] or a bipolar grid [38]. The test antenna is held stationary while
the probe (lypically an open-ended waveguide or small horn) is moved to each grid
location on the plane. As the probe location varies, its orientation relative to the test
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Figure 16.12 Three near-field scanning surfaces that permit convenient data acquisition
(planar. cylindrical, and spherical),

antenna changes, as illustrated in Figure 16.13. This directive property of the probe,
as well as its polarization, must be taken into account using the technique of probe
compensation 3], [4]. Probe compensation methods use the well-known Lorentz
reciprocity theorem to couple the far-zone fields of the test antenna 1o those of the
measuring probe,

The principal advantage of the planar near-field to far-field transformation, over
the cylindrical and spherical techniques. is its mathematical simplicity. Furthermore,
the planar transformation is suitable for applying the compwtationally efticient Fast
Fourier Transform (FFT) algorithm [39]. Assuming that the number of near-field data
points is 2” (or artificially padded to that number with points of zero value) where »
is a positive integer, the full planar far-field transformation can be computed in a lime
proportional to (ka)’log,(ka) where a is the radius of the smallest circle that inscribes
the test antenna [34]. Planar NF/FF techniques are well suited for measuring antennas
which have low backlobes. These include directional antennas such as horns, reflector
antennas, planar arrays, and so forth. The primary disadvantage of probing the near-
field on a planar surface to calculate the far-field is that the resulting far-field pattern
is over a limited angular span. If the planar scanning surface is of infinite extent, one
complete hemisphere of the far-field can be computed.

A complete set of near-field measurements over a cvlindrical surface includes the
information needed to compute complete azimuthal patterns for all elevation angles.

): Probe
.

o ol —=
T

*

L ]

Figure 16.13 Probe compensation of near-ficld measurements due to nonisotropic radiation
pattern of the probe.



854 Chapter 16 Antenna Measurements

excluding the conical regions at the top and bottom of the cylinder axis. Since the
numerical integrations can be performed with the FFT, the cylindrical transformation
exhibits numerical efficiencies and proportional computation times similar to those of
the planar transformation. The angular modal expansion, however. is expressed in
terms of Hankel functions. which can be more difficult to calculate, especially for
large orders.

The cylindrical scanning grid is shown in Figure 16.12(b). The maximum angular
and vertical sample spacing is

A
Ag = 2a + A) (6-1)
and
Az = AR (16-2)

where A is the wavelength and ¢ is the radius of the smallest cylinder that encloses
the test antenna.

A typical cylindrical scanning system is illustrated in Figure 16.14(a). The azi-
muthal location of the antenna is held constant while the fields are probed at discrete
locations in the vertical direction at some fixed distance from the antenna. At the
completion of each vertical scan, the test antenna is rotated to the next angular position,
The orientation of the probe with respect to the test antenna changes as the vertical
location of the probe changes. thus a probe correction is generally required as in the
planar case. In addition to directional antennas, the radiation patterns of antennas with
narrow patterns along the vertical axis (horizontal fan beam antennas and vertical
dipoles for example) can be predicted efficiently with the cylindrical NF/FF technique,

The information obtained by scanning the near-field radiation over a spherical
surface enclosing a test antenna makes possible the most complete prediction of the
far-ficld radiation pattern. The spherical scanning grid is illustrated in Figure 16.12(c).
When sampled at the rate of

A
A0= 2@ (16-3)
and
A = -—Aﬁ- |

all of the spatial radiation characteristics of the test antenna are included in the
transformation. Any far-field pattern cut can be computed from a complete near-field
measurement with the spherical scanning scheme. Typically, a spherical scan is ac-
complished by fixing the location and orientation of the probe and varying the angular
orientation of the test antenna with a dual-axis positioner, as shown in Figure 16.14(b),
Since the probe is always pointed directly toward the test antenna, probe correction
can be neglected for sufficiently large scan radii [34]. However, in general, probe
correction is necessary.

The primary drawback of the spherical scanning technique lies in the mathemat-
ical transformation. A significant portion of the transformation cannot be accom-
plished via FFTs. Numerical integrations, matrix operations. and simultaneous soly-
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Figure 16.14 Schematic representation of typical cylindrical and spherical surface near-
ficld positioning systems.

tion of equations are required. This increases the computational time and difficulty of
the transformation considerably over those of the planar and cylindrical transfor-
mations.

A. Modal Expansion Method for Planqr Systems
The mathematical formulations of the planar NF/FF system are based on the plane
wave (modal) expansion using Fourier transform (spectral) techniques. Simply stated.
any monochromatic, but otherwise arbitrary, wave can be represented as a super-
position of plane waves traveling in different directions. with different amplitudes.
but all of the same frequency. The objective of the plane wave expansion is to
determiine the unknown amplitudes and directions of propagation of the plane waves.
The results comprise what is referred to as a modal expansion of the arbitrary wave.
Similarly. cylindrical wave and spherical wave expansions are used to determine far-
field patterns from fields measured in the near-field over cylindrical and spherical
surfaces. respectively.

The relationships between the near-zone E-field measurements and the far-zone
fields for planar systems follow from the transform (spectral) techniques of Chapter
12, Section 12.9, represented by (12-73)-(12-75), or

Elx, v, 2) = # Ji Jjw f(k,. k",)e—.ik“‘ dk dk, (16-5)
where
fik,, k) = &, [tk k) + &, filk k) + 8.f.(k. k) (16-5a)
k = a,k, + 8.k, + a.k, (16-5b)
r=4ux+ 4y + .z (16-5¢)

where F(k,, k,) represents the plane wave spectrum of the field. The x and y compo-
nents of the electric field measured over a plane surface (z = () from (16-5) are

1
47t

Eu(x. v,z =0) = f ) f Stk ke RERY gk dk, (16-6a)
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| B o
Eu(vy.s=0) = 7 f j  fitke ke TR dh dk, (16-6b)

The x and y components of the plune wave spectrum, f (k. k,) and f,(k,, k), are
determined in terms of the near-zone electric field from the Fourier transforms of
(16-6a) and (16-6b) as given by (12-85a). (12-85b). or

+02 +afl ‘ , ,
Stk k) = f j E (x'.v'.2' = 0et& 8 gyt dy' | (16-73)
: -bR2 J-and

+ b2 f+al2 . .
.ﬁv(kx. k“,) = I- . J'—“n Ey,,(.\". }". zr — 0)e+jll...\ + k3" dl" dyr (lﬁ"?b)

The far-field pattern of the antenna, in terms of the plane wave spectrum function f,
is then that of (12-107)

ke~ ke
E(r, 8. ¢) = j=—lcos 8 fik,. k)] (16-8)
or (12-111)
. — jkr
Eolr, 6, ¢) = j5—(ficos & + f,sin ) (16-9a)
ke—jkr ]
Eur, 0, ¢)=j 2 08 0(—f,sin ¢ + f.cos ¢) (16-9b)

The procedure then to determine the far-zone field from near-field measurements
is as follows:

1. Measure the electric field components E,(x', y'. 2’ = 0) and E,,,(x", ¥, 2' = 0)
in the near-field.

2. Find the plane wave spectrum functions f, and f, using (16-7a) and ([6-7b).
3. Determine the far-zone electric field using (16-8) or (16-9a) and (16-9b).

Similar procedures are used for cylindrical and spherical measuring systems
except that the constant surfaces are, respectively. cylinders and spheres. However,
their corresponding analytical expressions have different forms.

It is apparent once again, from another application problem. that if the tangential
field components are known along a plane. the plane wave spectrum can be found,
which in turn permits the evaluation of the field at any point. The computations
become more convenient if the evaluation is restricted to the far-field region.

B. Measurements and Computations

The experimental procedure requires that a plane surface, a distance z, from the test
antenna, be selected where measurements are made as shown in Figure 16.12(a). The
distance z,, should be at least two or three wavelengths away from the test antenna to
be out of its reactive near-field region. The plane over which measurements are made
is usually divided into a rectangular grid of M X N points spaced Ax and Ay apan
and defined by the coordinates (mAx, nAy. 0) where —M/2 = m = M/2 — 1 and
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—N/2 = n = N2 — 1. The values of M and N are determined by the linear dimensions
of the sumpling plane divided by the sampling space. To compute the far-field pattern,
it requires that both polarization components of the near-field are measured. This can
be accomplished by a simple rotation of a linear probe about the longitudinal axis or
by the use of a dual-polarized probe. The probe used to make the measurements must
not be circularly polarized, and it must not have nulls in the angular region of space
over which the test antenna pattern is determined because the probe correction coef-
ficients become infinite.

The measurements are carried out until the signal at the edges of the plane is of
very low intensity. usually about 45 dB below the largest signal level within the
measuring plane. Defining a and b the width and height, respectively, of the measuring
plane, M and N are determined using

a
M=—+1 -10:
Ax (16-10a)
N-£+| 16-10b
A_V ( = )

The sampling points on the measuring grid are chosen to be less than A/2 in order
to satisfy the Nyquist sampling criterion. If the plane z = 0 is located in the far-field
of the source. the sample spacings can increase to their maximum value of A/2. Usually
the rectangular lattice points are separated by the grid spacings of

m
Ay = — 11,
v= - (16-11a)
w
by == (16-11b)

where k,, and £,, are real numbers and represent the largest magnitudes of &, and
ky. respectively, such that £(k,. k,) = 0 for |k,| > kg, or |k,| > k..

At the grid sample points, the tangential electric tield components, E, and E|., are
recorded. The subscripts x and ¥ represent, respectively. the two polarizations of the
probe. The procedure for probe compensation is neglected here. A previously per-
formed characterization of the probe is used to compensate for its directional effects
in what is essentially an application of its *‘transfer function.”” The electric field
components over the entire plane can be reconstructed from the samples taken at the
grid points, and each is given by

N2—1 MR-

Euxoyz=0= 2 >, E.mAx. nAy. 0)
n=—N2m=-M2
sinlk,, x — mm) sintk,,.y — nm) (16-122)
kox — mw kwy — nm
N2-1 MR-
E. ey z=0)= 2 2 E.(mAx, nAy, 0)
n=-N2 m=-M2
si kro - sl kvu =
sin(k,x — mm) sin(k,,y — nw) (16-12b)

kwx — mm kv — nw
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Using (16-12a) and (16-12b), f, and f, of (16-7a) and (16-7b) can be evaluated,
using a FFT algorithm, at the set of wavenumbers explicitly defined by the discrete
Fourier transform and given by

e M_ M .
VIV =M= (16-13g)
= 3y S =n=3 (16-13b)

The wavenumber spectrum points are equal to the number of points in the near.
field distribution, and the maximum wavenumber coordinate of the wavenumber
spectrum is inversely proportional to the near-field sampling spacing. While the
maximum sampling spacing is A/2. there is no minimum spacing restrictions, How-
ever, there are no advantages to increasing the near-field sample points by decreasing
the sample spacing. The decreased sample spacing will increase the limits of the
wavenumber spectrum points. which are in the large evanescent mode region, and do
not contribute to increased resolution of the far-field pattern.

Increased resolution in the far-field power pattern can be obtained by adding
artificial data sampling points (with zero value) at the outer extremities of the near-
field distribution. This artificially increases the number of sample points without
decreasing the sample spacing. Since the sample spacing remains fixed, the wave-
number limits also stay fixed. The additional wavenumber spectrum points are all
within the original wavenumber limits and lead to increased resolution in the computed
far-field patterns.

To validate the techniques, numerous comparisons between computed far-field
patterns, from near-field measurements. and measured far-field patterns have been
made. In Figure 16.15. the computed and measured sum and difference far-field
azimuth plane patterns for a four-foot diameter parabolic reflector with a nominal gain
of 30 dB are displayed [4]. Two measured far-field patterns were obtained on two
different high-quality far-field ranges, one at the Georgia Institute of Technology and
the other at Scientific-Atlanta. The third trace represents the computed far-field pattern
from near-field measurements made at Georgia Tech. There are some minor discrep-
ancies between the two measured far-field patterns which were probably caused by
extraneous range reflections. The best agreement is between the computed far-field
pattern and the one measured at Scientific Atlanta. Many other comparisons have
been made with similar success. The limited results shown here, and the many others
published in the literature [4], [40]-]{42] clearly demonstrate the capability of the near-
field technique.

The near-field technique provides the antenna designers information not previ-
ously available to them. For example, if a given far-field pattern does not meet required
specifications, it is possible to use near-field data to pinpoint the cause |43], Nedr-
field measurements can be applied also to antenna analysis and diagnostic tasks [44],
and it is most attractive when efficient near-field data collection and transformation
methods are employed.

16.3 RADIATION PATTERNS

The radiation patterns (amplitude and phase), polarization, and gain of an antenna,
which are used to characterize its radiation capabilities. are measured on the surface
of a constant radius sphere. Any position on the sphere is identified using the standard
spherical coordinate system of Figure 16.16. Since the radial distance is maintained
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Figure 16.15 Measured and computed sum and difference mode principal plane far-field
patterns for a four-foot parabolic reflector (Source: E. D. Joy, W. M. Leach, Jr.. G. P,
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IEEE Trans. Antennas Propagat.. Vol AP-26. No. 3. pp. 379-389, May 1973, © (1978)

[EEE)

fixed, only the two angular coordinates (), ¢) are needed for positional identification.
A representation of the radiation characteristics of the radiator as a function ol # and
¢ for a constant radial distance and frequency, is defined as the pattern of the antenna.

In general, the pattern of an antenna is three-dimensional. Because it is impractical
to measure a three-dimensional pattern, a number of two-dimensional patterns, as
defined in Section 2.2, are measured. They are used 1o construct a three-dimensional
pattern. The number of two-dimensional patterns needed to construct faithtully a
three-dimensional graph is determined by the functional requirements of the descrip-
tion, and the available time and funds. The minimum number of two-dimensional
patterns is two, and they are usually chosen to represent the orthogonal principal E-
and H-plane patterns. as defined in Section 2.2.
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Figure 16.16 Spherical coordinate system geometry. (SOURCE: [EEE Standard Test Proce-
dures for Anteanas, IEEE Std 149-1979, published by TEEE. Inc., 1979, distributed by
Wiley)

A two-dimensional pattern is also referred to as a pattern cut, and it is obtained
by fixing one of the angles (6 or ¢) while varying the other. For example, by referring
to Figure 16.16, pattern cuts can be obtained by fixing ¢, (0 = ¢, = 27) and varying
@ (0 = 6 = 180%). These are referred to as elevation patterns, and they are also
displayed in Figure 2.15. Similarly ¢ can be maintained fixed (0 = 6, = 7) while ¢
is varied (0 = ¢ = 27). These are designated as azimuthal patterns. Part (0 = ¢ <
7/2) of the ), = /2 azimuthal pattern is displayed in Figure 2.15.

The patterns of an antenna can be measurcd in the transmitting or receiving mode.
The mode is dictated by the application. However, if the radiator is reciprocal, as is
the case for most practical antennas, then either the transmitting or receiving mode
can be utilized. For such cases, the receiving mode is selected. The analytical for-
mulations upon which an amplitude pattern is based. along with the advantages and
disadvantages for making measurements in the transmitting or receiving mode, are
found in Section 3.8.1. The analytical basis of a phase pattern is discussed in Section
13.10. Unless otherwise specified, it will be assumed here that the measurements are
performed in the receiving mode.

16.3.1 Instrumentation

The instrumentation required to accomplish a measuring task depends largely on the
functional requirements of the design. An antenna range instrumentation must be
designed to operate over a wide range of frequencies. and it usually can be classified
into five categories [7]:
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1. source antenna and transmitting system
2. receiving system

3. positioning system

4. recording system

5. data-processing system

A block diagram of a system that possesses these capabilities is shown in Figure
16.17.

The source antennas are usually log-periodic antennas for frequencies below 1
GHz. families of parabolas with broadband feeds for frequencies above 400 MHz,
and even large horn antennas. The system must be capable of controlling the polari-
zation. Continuous rotation of the polarization can be accomplished by mounting a
lincarly polarized source antenna on a polarization positioner. Antennas with circular
polarization can also be designed, such as crossed log-periodic arrays, which are ofilen
used in measurements.

The transmitting RF source must be selected so that it has [7] frequency control.
frequency stability, spectral purity, power level, and modulation. The receiving system
could be as simple as a bolometer detector, followed possibly by an amplifier, and a
recorder. More elaborate and expensive receiving systems that provide greater sen-
sitivity, precision, and dynamic range can be designed. One such system is a hetero-
dyne receiving system [7], which uses double conversion and phase locking, and it
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s N TS
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Polarization s“
Test positioner ‘\
) =) positioner Xy
y S
> @
: l B ‘Q Source l
\\‘ lower
S
<
Z N
I T |
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Rt o e e e
I
K |
Pattern
recorder

Figure 16.17 Instrumentation for typical antenna-range measuring system. (SOURCE: JEEE
Standard Test Procedures for Antennas, 1[EEE Std 149-1979, published by IEEE, Inc.. 1979,
distributed by Wiley)
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(1) Azimuth-over-elevation positioner {b) Elevation-over-azimuth positioner
Figure 16.18 Azimuth-over-elevation and elevation-over-azimuth rotational mounts.
(SOURCE: IEEE Standard Test Procedures for Antennas, IEEE Std 149-1979, published by
IEEE, Inc., 1979, distributed by Wiley)

can be used for amplitude measurements. A dual-channel heterodyne system design
is also available [7]. and it can be used for phase measurements.

To achieve the desired plane cuts, the mounting structures of the system must
have the capability to rotate in various planes. This can be accomplished by utilizing
rotational mounts (pedestals), two of which are shown in Figure 16,18, Tower-model
elevation-over-azimuth pedestals are also available [7].

There are primarily two types of recorders; one that provides a linear (rectangular)
plot and the other a polar plot. The polar plots are most popular because they provide
a better visualization of the radiation distribution in space. Usually the recording
equipment is designed to graph the relative pattern. Absolute patterns are obtained by
making, in addition, gain measurements which will be discussed in the next section,
The recording instrumentation is usually calibrated to record relative field or power
patterns. Power pattern calibrations are in decibels with dynamic ranges of 0-60 dB,
For most applications, a 40-dB dynamic range is usually adequate and it provides
sufficient resolution to examine the pattern structure of the main lobe and the minor
lobes.

In an indoor antenna range. the recording equipment is usually placed in a room
that adjoins the anechoic chamber. To provide an interference free environment, the
chamber is closed during measurements. To monitor the procedures, windows or
closed-circuit TVs are utilized. In addition, the recording equipment is connected,
through synchronous servo-amplifier systems, to the rotational mounts (pedestals)
using the traditional system shown in Figure 16.19(a). The system can record rectan-
gular or polar plots. Position references are recorded simultaneously with measure-
ments. and they are used for angular positional identification. As the rotational mount
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moves, the pattern is graphed simultaneously by the recorder on a moving chart, One
of the axes of the chart is used to record the amplitude of the pattern while the other
identifies the relative position of the radiator. A modern configuration to measure
antenna and RCS patterns, using a network analyzer and being computer automated,
is shown in Figure 16.19(b).

16.3.2 Amplitude Pattern

The total amplitude pattern of an antenna is described by the vector sum of the two
orthogonally polarized radiated field components, The pattern on a conventional an-
tenna range can be measured using the system of Figure 16.17 or Figure 16.19 with
an appropriate detector. The receiver may be a simple bolometer (followed possibly
by an amplifier), a double conversion phase-locking heterodyne system [7, Fig. 14],
or any other design.

In many applications, the movement of the antenna to the antenna range can
significantly alter the operational environment. Therefore, in some cases, antenna
pattern measurements must be made in sity to preserve the environmental performance
characteristics. A typical system arrangement that can be used to accomplish this is
shown in Figure 16.20. The source is mounted on an airborne vehicle, which is
maneuvered through space around the test antenna and in its far-field. to produce a
plane wave and to provide the desired pattern cuts, The tracking device provides to
the recording equipment the angular position data of the source relative to a reference
direction. The measurements can be conducted either by a point-by-point or by 2
continuous method. Usually the continuous technique is preferred.

16.3.3 Phase Measurements

Phase measurements are based on the analytical formulations of Section 13.10. The
phase pattern of the field. in the direction of the unit vector ii. is given by the §i(#, &)
phase function of (13-63). For linear polarization @ is real, and it may represent i, or
i, in the direction of # or .

Source
anlenna
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reference Py Antennu
antenna D= under

lest

=
|
[

Tracking

bove e

Lo recorder To recorder
Figure 16.20 System arrangement for in situ antenna pattern measurements. (SOURCE:
IEEE Standard Test Procedures for Antennas, IEEE Std 149-1979, published by IEEE, Inc.,
1979, distributed by Wiley)
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Figure 16.21 Near-field and far-field phase pattern measuring systems. (SOURCE: [EEE
Standard Test Procedures for Antennas, IEEE Sid 149-1979, published by IEEE. Inc.,
1979, distributed by Wiley)

The phase of an antenna is periodic, and it is defined in multiples of 360° In
addition, the phase is a relative quantity, and a reference must be provided during
measurements for comparison.

Two basic system techniques that can be used 1o measure phase patterns at short
and long distances from the antenna are shown respectively, in Figures 16.21(a) and
16.21(b). For the design of Figure 16.21(a), a reference signal is coupled Irom the
transmission line, and it is used to compare, in an appropriate network, the phase of
the received signal. For large distances, this method does not permit a direct compar-
ison between the reference and the received signal. In these cases, the arangement
of Figure 16.21(b) can be used in which the signal from the source antenna is received
simultancously by a fixed antenna and the antenna under test. The phase pattern is
recorded as the antenna under test is rotated while the fixed antenna serves as a
reference. The phase measuring circuit may be the dual-channel heterodyne system
[7, Fig. 18],

16.4 GAIN MEASUREMENTS

The most important figure-of-merit that describes the performance of a radiator is the
gain. There are various techniques and antenna ranges that are used to measure the
gain. The choice of either depends largely on the frequency of operation,

Usually free-space ranges are used to measure the gain above | GHz. In addition,
microwave lechniques, which utilize waveguide components. can be used. At lower
frequencies, it is more difficult to simulate free-space conditions because of the longer
wavelengths, Therefore between 0.1-1 GHz. ground-reflection ranges are utilized.
Scale models can also be used in this frequency range. However, since the conductivity
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Figure 16.22 Typical two- and three-antenna measuring systems lor single and
swepl [requency measurements. (SOURCE: J. 8. Hollis, T. J. Lyon, and L. Clayton,
Ir., Microwave Antenna Measurements, Scientilic-Atlanta, Inc., Atlanta, Georgia,
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and loss factors of the structures cannot be scaled conveniently. the efficiency of the
full scale model must be found by other methods to determine the gain of the antenna.
This is accomplished by multiplying the directivity by the efficiency to result in the
gain. Below 0.1 GHz, directive antennas are physically large and the ground effects
become increasingly pronounced. Usually the gain at these frequencies is measured
i site. Antenna gains are not usually measured at frequencies below 1 MHz. Instead,
measurements are conducted on the field strength of the ground wave radiated by the
antenna,

Usually there are two basic methods that can be used to measure the gain of an
electromagnetic radiator: absolute-gain and gain-transfer (or gain-comparison) meas-
urements, The absolute-gain method is used to calibrate antennas that can then be
used as standards for gain measurements, and it requires no a priori knowledge of
the gains of the antennas. Gain-transfer methods must be used in conjunction with
standard gain antennas to determine the absolute gain of the antenna under test.
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The two antennas that are most widely used and universally accepted as gain
standards are the resonant A/2 dipole (with a gain of about 2.1 dB) and the pyramidal
horn antenna (with a gain ranging from 12-25 dB). Both antennas possess linear
polarizations. The dipole. in free-space, exhibits a high degree of polarization purity.
However, because of its broad pattern, its polarization may be suspect in other than
reflection-free environments. Pyramidal horns usually possess, in free-space. slightly
elliptical polarization (axial ratio of about 40 to infinite dB). However, because of
their very directive patterns. they are less affected by the surrounding environment.

16.4.1 Absolute-Gain Measurements

There are a number of techniques that can be employed to make absolute-gain meas-
urements. A very brief review of each will be included here. More details can be
found in [6]-]8]. All of these methods are based on Friis transmission formula [as
given by (2-118)] which assumes (hat the measuring system employs, each time, two
antennas (as shown in Figure 2.25). The antennas are separated by a distance R, and
it must satisty the far-field criterion of each antenna. For polarization matched anten-
nas, aligned for maximum directional radiation, (2-118) reduces to (2-119).

A. Two-Antenna Method
Equation (2-119) can be written in a logarithmic decibel form as

4R P,
(G(ll)tlli + (G()r.)dﬂ = 2() I()gm (T) + 10 l()gm ('F) (16-'4)

!

where

(Gydais = gain of the transmitting antenna  (dB)
(Go)ag = gain of the receiving antenna (dB)

= received power (W)

= transmitted power (W)

= antenna separation (m)

> x T
f

= operating wavelength  (m)

I the transmitting and receiving antennas are identical (Gy, = G,,), (16-14) reduces
o

1 47R P,
(Godas = (Gylap = 5[20 logo (T) + 10 k’gm(F)] (16-15)

By measuring R, A, and the ratio of P,/P,, the gain of the antenna can be found.
At a given frequency. this can be accomplished using the system of Figure 16.22(a).
The system is simple and the procedure straightforward. For continuous multifre-
quency measurements, such as for broadband antennas, the swept frequency instru-
mentation of Figure 16.22(b) can be utilized.

B. Three-Antenna Method

If the two antennas in the measuring system are not identical. three antennas (a. b, ¢)
must be employed and three measurements must be made (using all combinations of
the three) to determine the gain of cach of the three. Three equations (one for each
combination) can be written. and each takes the form of (16-14). Thus
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{a-b Combination)

(Gag + (Gplag = 20 logo (#) + 10 logm(%f) (16-16a)
(a-c Combination)

(Gaag + (G)gp = 20 logyg (# + 10 log)p (::—:) (16-16b)
(b-¢ Combination)

(Gpas + (G = 20 logye (#} + 10 logm(;;—:) (16-16¢)

From these three equations, the gains (G, )ys . (Gp)as - and (G, )gs ¢an be determined
provided R, A, and the ratios of P,/P,,. P,./P,,, and P,./P,, are measured.

The two- and three-antenna methods are both subject to errors. Care must be
utilized so

the system is frequency stable

the antennas meet the far-field criteria

the antennas are aligned for boresight radiation

all the components are impedance and polarization matched

there is a minimum of proximity effects and multipath interference

N oA W N

Impedance and polarization errors can be accounted for by measuring the appro-
priate complex reflection coefficients and polarizations and then correcting accord-
ingly the measured power ratios. The details for these corrections can be found in [7),
[8). There are no rigorous methods to account for proximity effects and multipath
interference. These, however, can be minimized by maintaining the antenna separation
by at least a distance of 2D/A, as is required by the far-field criteria, and by utilizing
RF absorbers to reduce unwanted reflections. The interference pattern that is created
by the multiple reflections from the antennas themselves, especially at small separa-
tions, is more dilficult to remove. It usually manifests itself as a cyclic variation in
the measured antenna gain as a function of separation.

C. Extrapolation Method

The extrapolation method is an absolute-gain method, which can be used with the
three-antenna method, and it was developed [15] to rigorously account for possible
errors due to proximity, multipath, and nonidentical antennas. If none of the antennas
used in the measurements are circularly polarized, the method yields the gains and
polarizations of all three antennas. Il only one antenna is circularly polarized, this
method yields only the gain and polarization of the circularly polarized antenna. The
method fails if two or more antennas are circularly polarized.

The method requires both amplitude and phase measurements when the gain and
the polarization of the antennas is to be determined. For the determination of gains,
amplitude measurements are sufficient. The details of this method can be found in
[8], [45].

D. Ground-Reflection Runge Method

A method that can be used to measure the gain of moderately broad beam antennas,
usually for frequencies below | GHz, has been reported [46]. The method takes into
account the specular reflections from the ground (using the system geometry of Figure
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16.2). and it can be used with some restrictions and modifications with the two- or
three-antenna methods. As described here, the method is applicable to linear antennas
that couple only the electric field. Modifications must be made for loop radiators.
Using this method, it is recommended that the linear vertical radiators be placed in a
horizontal position when measurements are made. This is desired because the reflec-
tion coefficient of the earth, as a function of incidence angle, varies very rapidly for
vertically polarized waves. Smoother variations are exhibited for horizontally polar-
ized fields. Circularly and elliptically polarized antennas are excluded. because the
earth exhibits different reflective properties for vertical and horizontal fields.

To make measurements using this technique, the system geometry of Figure 16.2
is utilized. Usually it is desirable that the height of the receiving antenna /1, be much
smaller than the range R, (h, << Ry). Also the height of the transmitting antenna is
adjusted so that the field of the receiving antenna occurs at the first maximum nearest
to the ground. Doing this, each of the gain equations of the two- or three-antenna
methods take the form of

47R P,
(Gag + (Gpyg = 20 |08|u( )\ n) + 10 log)y (F)

!

_20 l()g”)( D.‘IDB + ’Rl) (16'17)
Rp

D, and Dy are the directivities (relative to their respective maximum values) along
R, and they can be determined from amplitude patterns measured prior to the gain
measurements. Rp, Rg. A. and P,/P, are also measured. The only quantity that needs
to be determined is the factor r which is a function of the radiation patterns of the
antennas. the frequency of operation. and the electrical and geometrical properties of
the antenna range.

The factor r can be found by first repeating the above measurements but with the
transmitting antenna height adjusted so that the field at the receiving antenna is
minimum. The quantities measured with this geometry are designated by the same
letters as before but with a prime (') to distinguish them from those of the previous
measurement.

By measuring or determining the parameters

1. Rg. Rp, P,, D4, and Dg at a height of the transmitting antenna such that the
receiving antenna is at the first maximum of the pattern

2. Ry Rp. P.. D), and Dy at a height of the transmitting antenna such that the
recetving antenna is at a field minimum

it can be shown [46] that » can be determined from
(RRR;) [\/(P,-/PL)(DADH Ry — \/D,.DHR;,]
r= >
RpRp \/(P,/PD} Rz + R

Now all parameters included in (16-17) can either be measured or computed from
measurements, The free-space range system of Figure 16.22(a) can be vused to perform
these measurements.

(16-18)

16.4.2 Gain-Transfer (Gain-Comparison) Measurements

The method most commonly used to measure the gain of an antenna is the gain-
transfer method. This technique utilizes a gain standard (with a known gain) to
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determine absolute gains. Initially relative gain measurements are performed, which
when compared with the known gain of the standard antenna. yield absolute values,
The method can be used with free-space and reflection ranges, and for in situ mess-
urements.

The procedure requires two sets of measurements. In one set, using the test
antenna as the receiving antenna, the received power (Py) into a matched load is
recorded. In the other set, the test antenna is replaced by the standard gain antenng
and the received power (Pg) into a matched load is recorded. In both sets, the geo-
metrical arrangement is maintained intact (other than replacing the receiving anten-
nas). and the input power is maintained the same.

Writing two equations of the form of (16-14) or (16-17). for free-space or reflec-
tion ranges, it can be shown that they reduce to [7]

P
(Grlag = (Gsan + 10 logyy (FT) (16-19)

s
where (Gy)gp and (Gy)gp are the gains (in dB) of the test and standard gain antennas.

System disturbance during replacement of the receiving antennas can be mini-
mized by mounting the two receiving antennas back-to-back on either side of the axis
of an azimuth positioner and connecting both of them to the load through a common
switch. One antenna can replace the other by a simple, but very precise. 180° rotation
of the positioner. Connection to the load can be interchanged by proper movement of
the switch.

If the test antenna is not too dissimilar from the standard gain antenna, this method
is less affected by proximity effects and multipath interference. Impedance and po-
larization mismatches can be correcied by making proper complex reflection coeffi-
cient and polarization measurements [8].

If the test antenna is circularly or elliptically polarized, gain measurements using
the gain-transfer method can be accomplished by at least two different methods, One
way would be to design a standard gain antenna that possesses circular or elliptical
polarization. This approach would be attractive in mass productions of power-gain
measurements of circularly or elliptically polarized antennas.

The other approach would be to measure the gain with two orthogonal linearly
polarized standard gain antennas. Since circularly and elliptically polarized waves can
be decomposed to linear (vertical and horizontal) components, the total power of the
wave can be separated into two orthogonal linearly polarized components, Thus the
total gain of the circularly or elliptically polarized test antenna can be written as

(Gpen = 10 10g,4(Gyy + Grn) (16-20)

Gry and Gy are, respectively, the partial power gains with respect to vertical-linear
and horizontal-linear polarizations.

Gy is obtained, using (16-19), by performing a gain-transfer measurement with
the standard gain antenna possessing vertical polarization, The measurements are
repeated with the standard gain antenna oriented for horizontal polarization. This
allows the determination of Gyy. Usually a single linearly polarized standard gain
antenna (a linear A/2 resonant dipole or a pyramidal horn) can be used. by rotating it
by 90° to provide both vertical and horizontal polarizations. This approach is very.
convenient, especially if the antenna possesses good polarization purity in the two
orthogonal planes.

The techniques outlined above yield good results provided the transmitting and
standard gain antennas exhibit good linear polarization purity. Errors will be intro-
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duced if either one of them possesses a polarization with a finite axial ratio. In addition,
these techniques are accurate if the tests can be performed in a free-space, a ground-
reflection, or an extrapolation range. These requirements place a low-frequency limi
of 50 MHz.

Below 50 MHz, the ground has a large effect on the radiation characteristics of
the antenna, and it must be taken into account. It usually requires that the measure-
ments are performed on full scale models and in site. Techniques that can be used to
measure the gain of large HF antennas have been devised [47]-[49].

16.5 DIRECTIVITY MEASUREMENTS

If the directivity of the antenna cannot be found using solely analytical techniques, it
can be computed using measurements of its radiation pattern. One of the methods is
based on the approximate expressions of (2-27) by Kraus or (2-30b) by Tai and
Pereira, whereas the other relies on the numerical techniques that were developed in
Section 2.6. The computations can be performed very efficiently and economically
with modern computational facilities and numerical techniques.

The simplest, but least accurate method. requires that the following procedure is
adopted:

1. Measure the two principal E- and H-plane patterns of the test antenna.
2. Determine the half-power beamwidths (in degrees) of the £- and H-plane patterns.
3. Compute the directivity using either (2-27) or (2-30b).

The method is usually employed to obtain rough estimates of directivity. It is more
accurate when the pattern exhibits only one major lobe, and its minor lobes are
negligible.

The other method requires that the directivity be computed using (2-35) where
P is evaluated numerically using (2-43). The F(6;, ¢;) function represents the
radiation intensity or radiation pattern. as defined by (2-42), and it will be obtained
by measurements. U,y in (2-35) represents the maximum radiation intensity of
F(6. ¢) in all space, as obtained by the measurements.

The radiation pattern is measured by sampling the field over a sphere of
radius r. The pattern is measured in two-dimensional plane cuts with ¢; constant
(0 = ¢; < 27) and 8§ variable (0 < @ < ), as shown in Figure 2.15, or with 6, fixed
(0 = 6, < ) and ¢ variable (0 = ¢ = 271). The first are referred o as elevation or
great-circle cuts, whereas the second represent azimuthal or conical cuts. Either meas-
uring method can be used. Equation (2-43) is written in a form that is most convenient
for elevation or great-circle cuts. However, it can be rewritten to accommodate azi-
muthal or conical cuts.

The spacing between measuring points is largely controlled by the directive
properties of the antenna and the desired accuracy. The method is most accurate for
broad beam antennas. However, with the computer facilities and the numerical meth-
ods now available, this method is very attractive even for highly directional antennas.
To maintain a given accuracy, the number of sampling points must increase as the
pattern becomes more directional. The pattern data is recorded digitally on tape. and
it can be entered to a computer at a later time. If on-line computer facilities are
available, the measurements can be automated to provide essentially real-time com-
putations,

The above discussion assumes that all the radiated power is contained in a single
polarization, and the measuring probe possesses that polarization. If the antenna is
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polarized such that the field is represented by both # and ¢ components, the parrial
directivities Dy(0, ¢) and D4(6. &) of (2-17)-(2-17b) must each be found, This is
accomplished from pattern measurements with the probe positioned, respectively, to
sample the @ and ¢ components. The total directivity is then given by (2-17)-(2-17b),
or

Dy = Dy + D, (16-21)
where
47U,
" Pasdo + (Prads (16:21a)
47U,

¢ (Peagdy + (Prag)e (16-21b)

Ug, (Pra)oand Uy, (Prq), represent the radiation intensity and radiated power as

contained in the two orthogonal 6 and ¢ field components, respectively,

The same technique can be used to measure the fiekl intensity and to compute
the directivity of any antenna that possess two orthogonal polarizations. Many anten-
nas have only one polarization (@ or ¢). This is usually accomplished by design
and/or proper selection of the coordinate system. In this case. the desired polarization
is defined as the primary polarization. Ideally, the other polarization should be zero,
However, in practice, it is non-varishing, but it is very small. Usually it is referred to
as the cross-polarization. and for good designs it is usually below —40 dB.

The directivity of circularly or elliptically polarized antennas can also be meas-
ured. Precautions must be taken [7] as to which component represents the primary
pofarization and which the cross-polarization contribution.

16.6 RADIATION EFFICIENCY

The radiation efficiency is defined as the ratio of the total power radiated by the
antenna to the total power accepted by the antenna at its input terminals during
radiation. System factors, such as impedance and/or polarization mismatches, do not
contribute to the radiation efficiency because it is an inherent property of the antenna.

The radiation efficiency can also be defined, using the direction of maximum
radiation as reference, as

gain

radiation efficiency = W

(16-22)
where directivity and gain, as defined in Sections 2.5 and 2.7, imply that they are
measured or computed in the direction of maximum radiation. Using techniques that
were outlined in Sections 16.4 and 16.5 for the measurements of the gain and direc-
Livity, the radiation efficiency can then be computed using (16-22).

If the antenna is very small and simple. it can be represented as a Series network
as shown in Figures 2.21(b) or 2.22(b). For antennas that can be represented by such
a series network, the radiation efficiency can also be defined by (2-90) and it can be
computed by another method [50]. For these antennas, the real part of the input
impedance is equal to the total antenna resistance which consists of the radiation
resistance and the loss resistance.

The radiation resistance accounts for the radiated power. For many simple anten-
nas (dipoles, loops, etc.), it can be found by analytically or numerically integrating
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the pattern, relating it to the radiated power and to the radiation resistance by a relation
similar to (4-18). The loss resistance accounts for the dissipated power, and it is found
by measuring the input impedance (input resistance — radiation resistance = loss
resistance).

Because the loss resistance of antennas coated with lossy dielectrics or antennas
over lossy ground cannot be represented in series with the radiation resistance, this
method cannot be used to determine their radiation efficiency. The details of this
method can be found in [50].

16.7 IMPEDANCE MEASUREMENTS

Associated with an antenna there are two types of impedances: a self and a mutual
impedance. When the antenna is radiating into an unbounded medium and there is no
coupling between it and other antennas or surrounding obstacles, the self-impedance
is also the driving-point impedance of the antenna, If there is coupling between the
antenna under test and other sources or obstacles, the driving-point impedance is a
function of its self-impedance and the mutual impedances between it and the other
sources or obstacles. In practice. the driving-point impedance is usually referred to as
the input impedance. The definitions and the analytical formulations that underlie the
self. mutual. and input impedances arc presented in Chapter 8.

To attain maximum power transfer between a source or a source-transmission
line and an antenna (or between an antenna and a receiver or transmmssion line-
receiver), a conjugate match is usually desired. In some applications, this may not be
the most ideal maich. For example, in some receiving systems, minimum noise is
attained if the antenna impedance is lower than the load impedance. However. in
some transmitting systems, maximum power transfer is attained if the antenna impe-
dance is greater than the load impedance. If conjugate matching does not exist. the
power lost can be computed |7] using

Pns Zan - ZE: i}
Tost — 1 | (I6-23)
P available Zam + chl
where
Z,, = input impedance of the antenna

Z.o = input impedance of the circuits which are connected to the antenna at
its input terminals

When a transmission line is associated with the system, as is usually the case, the
matching can be performed at either end of the line. In practice, however, the matching
is performed near the antenna terminals, because it usually minimizes line losses and
voltage peaks in the line and maximizes the useful bandwidth of the system.

In a mismatched system, the degree of mismatch determines the amount of
incident or available power which is reflected at the input antenna terminals into the
line. The degree of mismatch is a function of the antenna input impedance and the
characteristic impedance of the line. These are related 1o the input refiection coefficient
and the input VSWR at the antenna input terminals by the standard transmission line
relationships of

2

VSWR — |
VSWR + |

i = B = 2L
P ine lZ.'ml + Zrl-

(16-24)
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where

I' = I'e/ = voltage reflection coefficient at the antenna input terminals
VSWR = voltage standing wave ratio at the antenna input terminals
Z, = characteristic impedance of the transmission line

Equation (16-24) shows a direct relationship between the antenna input impedance
(Z,y) and the VSWR. In fact, if Z,, is known, the VSWR can be computed using
(16-24). In practice, however, that is not the case. What is usually measured is the
VSWR, and it alone does not provide sufficient information to uniquely determine
the complex input impedance. To overcome this, the usual procedure is to measure
the VSWR. and to compute the magnitude of the reflection coefficient using (16-24),
The phase of the reflection coefficient can be determined by locating a voltage max-
imum or a voltage minimum (from the antenna input terminals) in the transmission
line. Since in practice the minima can be measured more accurately than the maxima,
they are usually preferred. In addition, the first minimum is usually chosen unless the
distance from it to the input terminals is too small to measure accurately, The phase
v of the reflection coetficient is then computed using [51]

4
y=2Bx, + (20 — N = ,\—"x +@n—-m n=123%... (1625
q

Ly

where

n= the voltage minimum from the input terminals (i.e., n = | is used to locate
the first voltage minimum)

x,= distance from the input terminals to the nth voltage minimum

A, = wavelength measured inside the input transmission line (it is twice the
distance between two voltage minima or two voltage maxima)

Once the reflection coefficient is completely described by its magnitude and phase,
it can be used to determine the antenna impedance by

1+ T I+ |[e”
Zuw = Z, [I _ r:| = Z, [T_:—:_F:'F&:I (16-26)
Other methods, utilizing impedance bridges. slotted lines. and broadband swept-
frequency network analyzers, can be utilized to determine the antenna impedance
[51]-[53].

The input impedance is generally a function of frequency, geometry, method of
excitation, and proximity to its surrounding objects. Because of its strong dependence
on the environment, it should usually be measured ir situ unless the antenna possesses
very narrow beam characteristics.

Mutual impedances, which take into account interaction effects, are usually best
described and measured by the cross-coupling coefficients S,,, of the device’s (anten-
na’s) scattering matrix. The coefficients of the scattering matrix can then be related
to the coefficients of the impedance matrix [54].

16.8 CURRENT MEASUREMENTS

The current distribution along an antenna is another very important antenna parameter.
A complete description of its amplitude and phase permit the calculation of the
radiation pattern.
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There are a number of techniques that can be used to measure the current distri-
bution [55]-|58). One of the simplest methods requires that a small sampling probe,
usually a small loop, be placed near the radiator. On the sampling probe, a current is
induced which is proportional to the current of the test antenna.

The indicating meter can be connected to the loop in many different ways [55].
If the wavelength is very long, the meter can be consolidated into one unit with the
measuring loop. At smaller wavelengths, the meter can be connected to a crystal
rectifier. In order not to disturb the field distribution near the radiator, the rectifier is
attached to the meter using long leads. To reduce the interaction between the meas-
uring instrumentation and the test antenna and to minimize induced currents on the
leads, the wires are wound on a dielectric support rod to form a helical choke. Usually
the diameler of each turn, and spacing between them, is about A/50. The dielectric
rod can also be used as a support for the loop. To prevent a dc¢ short circuit on the
crystal rectifier, a bypass capacitor is placed along the circumference of the loop.

There are many other methods, some of them more elaborate and accurate. and
the interested reader can refer to the literature [55]-[58].

16.9 POLARIZATION MEASUREMENTS

The polarization of a wave was defined in Section 2.12 as the curve traced by the
instantaneous electric field, at a given frequency, in a plane perpendicular to the
direction of wave travel. The far-field polarization of an antenna is usually measured
at distances where the field radiated by the antenna forms, in a small region, a plane
wave that propagales in the outward radial direction.

In a similar manner, the polarization of the antenna is defined as the curve traced
by the instantaneous electric field radiated by the antenna in a plane perpendicular
to the radial direction, as shown in Figure 16.23(a). The locus is usually an ellipse.
In a spherical coordinate system, which is usually adopted in antennas, the polarization
ellipse is formed by the orthogonal electric field components of E, and E,. The sense
of rotation, also referred to as the sense of polarization, is defined by the sense of
rolation of the wave as it is observed along the direction of propagation [see Figure
16.23(b)].

The general polarization of an antenna is characterized by the axial ratio (AR).
the sense of rotation (CW or CCW, RH or LH), and the tilt angle 7. The tilt angle is
used to identify the spatial orientation of the ellipse, and it is usually measured
clockwise from the reference direction. This is demonstrated in Figure 16.23(a) where
T is measured clockwise with respect to 4. for a wave traveling in the outward radial
direction.

Care must be exercised in the characterization of the polarization of a receiving
antenna. If the tilt angle of an incident wave that is polarization matched to the
receiving antenna is 7,,. il is related to the tilt angle 7, of a wave transmitted by the
same antenna by

= 180° - 7, (16-27)

if a single coordinate system and one direction of view are used to characterize the
polarization. If the receiving antenna has a polarization that is different from that of
the incident wave, the polarization loss factor (PLF) of Section 2.12.2 can be used to
account for the polarization mismatch losses.

The polarization of a wave and/or an antenna can best be displayed and visualized
on the surface of a Poincaré sphere [59]. Each polarization occupies a unique point
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on the sphere, as shown in Figure 16.24. 1f one of the two points on the Poincaré
sphere is used to define the polarization of the incident wave and the other the
polarization of the receiving antenna, the angular separation can be used to determine
the polarization losses. The procedure requires that the complex polarization ratios of
each are determined, and they are used to compute the polarization efficiency in a
number of different ways. The details of this procedure are well documented, and
they can be found in [7], |8].

Practically it is very difficult to design radiators that maintain the same polari-
zation state in all parts of their pattern. A complete description requires a number of
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measurements in all parts of the pattern. The number of measurements is determined
by the required degree of polarization description,

There are a number of techniques that can be used to measure the polarization
state of a radiator |7], [8]. and they can be classified into three main categories:

1. Thaose that yield partial polarization information. They do not yield a unique point
on the Poincaré sphere.

2. Those that yield complete polarization information but require a polarization
standard for comparison. They are referred o as comparison methods.

3. Those that yield complete polarization information and require no a priori polar-
ization knowledge or no polarization standard. They are designated as absolute
methocs.

The method selected depends on such factors as the type of antenna, the required
accuracy, and the time and funds available. A complete description requires not only
the polarization ellipse (axial ratio and tilt angle), but also its sense of rotation (CW
or CCW, RH or LH).

In this text. a method will be discussed which can be used to determine the
polarization ellipse (axial ratio and tilt angle) of an antenna but not its sense of rotation,
This technique is referred to as the polarization-pattern method. The sense of polar-
ization or rotation can be found by performing auxiliary measurements or by using
other methods [7].

To perform the measurements, the antenna under test can be used either in the
transmitting or in the receiving mode. Usually the transmitting mode is adopted. The
method requires that a linearly polarized antenna, usually a dipole. be used to probe
the polarization in the plane that contains the direction of the desired polarization.
The arrangement is shown in Figure 16.25(a). The dipole is rotated in the plane of
the polarization, which is taken to be normal to the direction of the incident field, and
the output voltage of the probe is recorded.

If the test antenna is linearly polarized, the output voltage response will be
proportional to sin i (which is the far-zone field pattern of an infinitesimal dipole).
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Figure 16.25 Polarization measuring system and typical patterns.

The pattern forms a figure-eight, as shown in Figure 16.25(b), where  is the rotation
angle of the probe relative to a reference direction. For an elliptically polarized test
antenna, the nulls of the figure-eight are filled and a dumbbell polarization curve
(usually referred Lo as polarization pattern) is generated. as shown in Figure 16,25(b).
The dashed curve represents the polarization ellipse.

The polarization ellipse is tangent to the polarization pattern, and it can be used
to form the axial ratio and the tilt angle of the test antenna. The polarization pattern
will be a circle. as shown in Figure 16.25(b), if the test antenna is circularly polarized.
Ideally. this process must be repeated at every point of the antenna pattern. Usually
it is performed at a number of points that describe sufficiently well the polarization
of the antenna at the major and the minor lobes.

In some cases the polarization needs 1o be known over an entire plane. The axial
ratio part of the polarization state can be measured using the arrangement of Figure
16.25(a) where the test probe antenna is used usually as a source while the polarization
pattern of the test antenna is being recorded while the test antenna is rotated over the
desired plane. This arrangement does not yield the tilt angle or sense of rotation of
the polarization state. In order 1o obtain the desired polarization pattern, the rate of
rotation of the linear probe antenna (usually a dipole) is much greater than the rotation
rate of the positioner over which the test antenna is mounted and rotated to allow,
ideally. the probe antenna to measure the polarization response of the test antenna at
that direction before moving to another angle. When this is performed over an entire
plane, a typical pattern recorded in decibels is shown in Figure 16.26 [60]. and it is
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Figure 16.26 Pattern of a circularly polarized test antenna taken with a
rotating, linearly polarized, source antenna |E. S. Gillespie. **Measure-
ment of Antenna Radiation Characteristics on Far-Field Ranges,” in An-
tenna Handbook (Y. T. Lo & S. W. Lee, eds.). 1988, © Van Nostrand
Reinhold Co.. Inc.]

referred as the axial ratio pattern. It is apparent that the axial ratio pattern can be
inscribed by inner and outer envelopes. At any given angle, the ratio of the outer and
inner envelope responses represent the axial ratio. If the pattern is recorded in decibels,
the axial ratio is the difference between the outer and inner envelopes (in dB): zero
dB difference represents circular polarization (axial ratio of unity). Therefore the
polarization pattern of Figure 16.26 indicates that the test antenna it represents
is nearly circularly polarized (within 1 dB: axial ratio less than 1.122) at and near
8 = 0° and deviates from that almost monotonically at greater angles (typically by
about 7 dB maximum: maximum axial ratio of about 2.24).

The sense of rotation can be determined by performing auxiliary measurements.
One method requires that the responses of two circularly polarized antennas. one
responsive 1o CW and the other to CCW rotation. be compared [55]. The sense of
rotation corresponds to the sense of polarization of the antenna with the more intense
response.

Another method would be to use a dual-polarized probe antenna, such as a dual-
polarized horn, and to record simultaneously the amplitude polarization pattern and
the relative phase between the two orthogonal polarizations. This is referred to as the
phase-amplitude method, and it can be accomplished using the instrumentation of
Figure 16.27. Double-conversion phase-locked receivers can be used to perform the
amplitude and phase comparison measurements.

Another absolute polarization method, which can be used to completely describe
the polarization of a test antenna, is referred to as the three-antenna method [7], [8).
As its name implies, it requires three antennas, two of which must not be circularly
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Figure 16.27 System configuration for measurements of polarization amplitude and phase.
(sourc: W. H. Kummer and E. S. Gillespie, **Antenna Measurements—1978."" Proc,
IEEE. Vol. 66, No. 4, pp. 483-507, April 1978. © (1978) IEEE)

polarized. There are a number of transfer methods [7], [8]. but they require calibration
standards for complete description of the polarization state.

16.10 SCALE MODEL MEASUREMENTS

In many applications (such as with antennas on ships. aircraft. large spacecraft, etc.),
the antenna and its supporting structure are so immense in weight and/or size that
they cannot be moved or accommodated by the facilities of a measuring antenna
range. In addition. a movement of the structure to an antenna range can eliminate or
introduce environmental effects. To satisfy these system requirements, in siry meas-
urements are usually executed.

A technique that can be used to perform antenna measurements associated with
large structures is geometrical scale modeling. Geometrical modeling is employed 1o

1. physically accommodate, within small ranges or enclosures, measurements that
can be related to large structures

2. provide experimental control over the measurements

3. minimize costs associated with large structures and corresponding experimental
parametric studies

Geometrical scale modeling by a factor of n (n smaller or greater than unity)
requires the scaling indicated in Table 16.1. The primed parameters represent the
scaled model while the unprimed represent the full scale model. For a geometrical
scale model, all the linear dimensions of the antenna and its associated structure are
divided by n whereas the operating frequency and the conductivity of the antenna
material and its structure are multiplied by n. In practice. the scaling factor n is usually
chosen greater than unity,

Ideal scale modeling for antenna measurements requires exact replicas, both
physically and electrically, of the full scale structures. In practice, however, this is
closely approximated. The most difficult scaling is that of the conductivity. If the full
scale model possesses excellent conductors, even better conductors will be required
in the scaled models. At microwave and millimeter wave frequencies this can be
accomplished by utilizing clean polished surfaces, free of films and other residues.

Geometrical scaling is often used for pattern measurements. However, it can alsp
be employed to measure gain, directivity. radiation efficiency, input and mutual im-
pedances, and so forth. For gain measurements, the inability to properly scale the
conductivity can be overcome by measuring the directivity and the antenna efficiency
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Table 16.1 GEOMETRICAL SCALE MODEL

Scaled Parameters Unchanged Parameters
Length: I'= n Permittivity: €=¢€
Time: t'=t/n Permeability: w=pu
Wavelength: A= Mn Velocity: V=
Capacilance C'= Ch Impedance: Z'=12Z
Inductance: L'= Lm Antenna gain: Gy = Gy
Echo area: A= A n?

Frequency: ['=nf
Conductivity: o= no

and multiplying the two to determine the gain. Scalings that permit additional param-
eter changes are available [61]. The changes must satisfy the theorem of similitude.
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