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Abstract

This thesis presents a practical approach to reduce the overall testing time in a spherical
near-field (SNF) antenna measurement environment. The premise of this work is that the
acquisition time is mostly dominated by the mechanical movement and the processing electronic.
Moreover, it is assumed that the transformation time to go from the near-field domain to the far-
field domain (NF-FF transform) is small compared to the acquisition time. Thus this operation can
be done repeatedly while the acquisition is on-going without significantly affecting the overall test

time.

This situation allows to continuously evaluate the far-field (FF) of the antenna under test
(AUT), so that certain decision functions based on the radiation pattern of the antenna can be
monitored. Such decision functions are based on the antenna specification, such as the gain, the

side lobe level, etc.

We do not proceed with a complete scan of the measurement sphere but effectively allow
the probe to follow a directed path under control of an acquisition rule, so that the sampled near-
field (NF) datapoints constitute an acquisition map on the sphere. The acquisition can then be
terminated based on decision function values, allowing the smallest amount of data needed to

ensure accurate determination of the AUT performance measures.
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Chapter 1 - Introduction

As antenna performance complexity increases, so does the suite of measurements that is
needed to confirm whether a given antenna satisfies the required performance. Such more
elaborate testing implies that these measurements will be more time-consuming. Test time in an
antenna measurement facility is a precious resource since the number of such facilities is usually
limited in any organisation. It is important to realize that it is not the speed with which electronic
instrumentation is able to operate that is of concern. When it comes to antenna testing this aspect
occupies only a small portion of the time involved. Rather, it is the acquisition time related to the
three-dimensional movement of the antenna under test (AUT), or the acquisition probe, during
measurement that is the main contributor. The aim of this research is to explore a method for
reducing the data capture burden in antenna spherical near-field (SNF) measurements. With
modern desktop computers, the far-zone field computation time is negligible compared to the data
acquisition time even if such computation is done repeatedly (while data is being acquired). This
fact does not yet appear to have been exploited. We propose that such computations be used as
part of an adaptive algorithm intent on reducing the amount of data that has to be acquired, and
hence the overall antenna testing time. This work represents a step towards building
feedback/adaptivity into SNF measurements. The goal is to have such techniques allow us to reduce
test times by only acquiring those SNF data sets actually needed to ensure that the quantities being

sought are within the accuracy we require, no more and no less.

Initial work on these concepts has been described in [Beau 12] and [Beau 13]. The present
thesis describes the examination of these ideas in simulation, in physical implementation, and the

conclusions reached.

Chapter 2 provides a brief review of near-field measurements with a particular emphasis on
the SNF type, which is the topic of this thesis. We describe the planar near-field measurement
(PNF), the cylindrical near-field measurement (CNF) and the spherical near-field measurement (SNF)

techniques. This helps to put into perspective the work done in this thesis.

Chapter 3 explores the fundamentals of SNF measurements that are required to set the
basis of the adaptive acquisition. We start by exploring the acquisition process on the spherical

measurement surface. Next the computation of the near-field to the far-field (NF-FF)



transformation is explained. We then review approaches that use only a portion of the

measurement sphere. Rather than the complete one.

In Chapter 4 we lay the concepts needed for the adaptive algorithm. The intended schema

is presented and we define the acquisition rule and decision function ideas.

Chapter 5 presents the plan to study adaptive SNF methods. Section 5.2 outlines the
simulation software that is required to assess the concepts proposed in Chapter4. Then the
acquisition rules devised, and the decision functions defined, are detailed in Section 5.3 and 5.4,
respectively. At the end of this chapter we present the concept of NF pre-conditioning. This helps to

settle some parameters faster during operation of the adaptive SNF approach.

Chapter 6 presents the outcome of simulation done on the various acquisition rules,
decision functions and pre-conditioning functions devised in Chapter 5. These results are then used

for the realisation of a practical implementation of the adaptive SNF acquisition method.

General conclusions are reached in Chapter 7 to summarize the contribution this work

brings to the SNF measurement domain, and direct the path of some future works.



Chapter 2 - Near-field Measurement Fundamentals

The measurement of antenna characteristics continues be a topic of importance. A large
body of literature on this topic is available (e.g. [Bala 05], [Vola 07], [Stut 97], [Appe 86]). There are
two broad classes of antenna measurement techniques - far-field (FF) and near-field (NF). Both
approaches are used to determine the far-field characteristics of an antenna. Note that in general it
is preferable to measure the electric field rather than the magnetic field since suitable probes are

available.

Far-field techniques, being historically the first type of measurements to be performed,
require the antenna under test (AUT) and the acquisition probe to be separated by a sufficiently
large distance. That is, the incoming wave front must appear locally as a plane wave to the probe.
No transformation is required for these types of measurement; one directly obtains the far-field

characteristics as the transmit antenna and the receive antenna are both in each other’s far-zone.

Near-field measurement techniques use a probe that is located much closer to the antenna,
in its radiating near-field. Formulations based on fundamental electromagnetic (EM) theory are
then used to predict the far-field radiation from the field value acquired in the near vicinity of the

AUT.

NF techniques themselves can be divided into three sub-classes: planar near-field
techniques (PNF), cylindrical near-field techniques (CNF) and spherical near-field techniques (SNF).
These classes refer to the respective surface on which the acquisition probe samples near-field
data. In the 1960’s D.M.Kerns of the National Bureau of Standards® in the United States published
work toward developing what is known as free-space scattering matrix theory [Kern 60]. His work
serves as a theoretical basis for near-field antenna measurements. In essence, scattering matrix
theory allows one to represent the field transmitted by a particular AUT in terms of a spectrum of

waves. These wave spectrums can take many forms:

J Plane waves, used in planar near-field (PNF) measurements
) Cylindrical waves/modes for cylindrical near-field (CNF) measurements
. Spherical waves/modes for spherical near-field (SNF) measurements.

! Now called NIST



Use of the scattering matrix theory allows one to measure the radiation of an AUT in the
near-field region and perform a transformation the near-field to far-field, or NF-FF, transformation
to obtain the resulting far-field patterns. Measurements are performed on a near-field scan surface;
the geometry of the scan surface depends on the near-field technique class. After many years of
development and industry evaluation, near-field testing has become the preferred approach for
characterizing antennas for a broad range of frequencies. These systems are capable of measuring
side lobes as low as 50 dB down from the pattern peak and can provide sub-milliradian alignment
accuracies [NSI 06]. The different types of near-field systems each have their strengths and

weaknesses, as outlined below.

While near-field techniques may in the past have seemed less appealing because of the
computational burden of the NF-FF transformation processing step, the latter is no longer a
problem issue. Furthermore, repeatability and quality control arguments play in favor of near-field
techniques as well. FF techniques are subject to environmental constraints and require a large
physical deployment. The setup required to perform NF measurements usually can occur in much

smaller facilities, and thus, in a controlled environment.

Since the present work is on SNF measurements, most of the content of the rest of this
chapter (and the next) is devoted to this type of NF measurement. However, to place it into

perspective, the following sections present an overview of the three classes of NF measurement.

2.1.1. Planar Near-Field (PNF) Measurements

PNF measurements were the first of the near-field measurement geometries to become
commonplace in industry. In a PNF scan, the field measuring probe will typically measure field
values at specified positions along an XY grid, while the AUT is placed at a fixed measurement
distance from the probe along the z-axis. A sketch of this measurement geometry, along with a
typical probe scan pattern is shown in Figure 1. In this figure, the probe measures the field at
several points along a line in Y, a vertical cut, before stepping to the next position in X and repeating
the vertical cut. Once vertical cuts have been completed for all positions in X, the full set of near-

field data can be transformed to the far-field using plane wave spectrum theory.



FIGURE 1 - TYPICAL PLANAR NEAR-FIELD MEASUREMENT SYSTEM (AFTER [NSI 06])

Rigorous electromagnetic theory [Bala 12, Section 7.8], namely the surface equivalence
principle, indicates that a fundamental requirement is that the measurement surface must
completely enclose the AUT. In a PNF measurement, the term “closed measurement surface”
implies that the scan plane be infinitely long in both X and Y. However, since this is clearly not
practical in a measurement system, one must use a finite scan plane sufficiently large to capture
most of the AUT’s radiated energy. Since low gain antennas tend to radiate broadly, in practice one
finds that PNF systems are best suited for antennas with a directivity of 15 dBi or greater. One
understands easily that this figure is a function of the possible scan size and must only be used as a
“rule of the thumb”. The measurement speed and low system cost make the PNF system an

appropriate option for a wide range of problems, provided the AUT has sufficiently high directivity.

2.1.2. Cylindrical Near-Field (CNF) Measurements

Similar to a PNF measurement, the CNF range allows fields to be measured over an open
measurement surface in the AUT’s near-field region. Figure 2 shows a typical CNF measurement

geometry and cylindrical scan surface. The AUT is mounted on top of an azimuth-axis rotator at the



center of this scan surface and the probe is translated along the Y-axis for a full vertical cut. Next,
the AUT is rotated in azimuth by a specified amount and the probe performs a second vertical cut.
Once vertical cuts have been completed for all azimuth positions, cylindrical wave mode theory can
be used to transform the near-field grid data to the far-field. Again, since an open measurement
window was used, only antennas with very little energy radiating in the regions not enclosed by the

measurement surface should be considered for CNF scans, such as base station antennas.

FIGURE 2 - TYPICAL CYLINDRICAL NEAR-FIELD MEASUREMENT SYSTEM (AFTER [NSI 06])

2.1.3. Spherical Near-Field (SNF) Measurements

The SNF geometry is of special interest at this point, since the whole of this thesis is
primarily involved in the development of adaptive techniques for this type of near-field system.
While there are various ways of mechanically implementing SNF scanning, the fundamental
requirement is that data be acquired on a spherical surface enclosing the AUT. A typical SNF system
is shown in Figure 3. The AUT can be seen at the origin of the measurement sphere, mounted on
two separate positioners. Together, these positioners must allow the AUT to rotate in such a way

that the probe can record field values over the entire measurement sphere. For the measurement



geometry depicted in Figure 3, the AUT will first perform a complete azimuth cut (about the 0-axis).
In other words, the AUT, along with the entire structure that the AUT is mounted on, will rotate a
full 360° and return to its starting position. Next, the AUT will rotate a specified amount in ¢ and
repeat the 360" azimuth cut. Once azimuth cuts have been completed for all ¢ positions, spherical
wave mode theory can be used to transform the spherical near-field measured data to a far-field

pattern.

Although the “scattering matrix theory” approach in [Kern 60] formed the basis of near-field
testing work from the very beginning, there is a theoretical viewpoint that is perhaps more
fundamental, but of course equivalent. This is the surface equivalence principle. In the form in
which it is required for the present work this principle states that if one is able to measure the
tangential electric and magnetic fields over any closed surface S surrounding the AUT (assumed to
be transmitting), these can very simply be converted into equivalent electric and magnetic current
densities over S. These radiate in free space and so can be used with the free space Green'’s
function to determine the radiated fields of the AUT. In SNF measurements surface S is chosen to be
a sphere. We in fact need to measure the tangential electric field only; we are still able to find the
far-field patterns through use of a spherical wave expansion form of the free space Green’s
function. Knowing both the scattering matrix theory and surface equivalence viewpoints is
important since some newer near-to-far field transformations adopt an approach that is more easily

understood via the surface equivalence principle.

This type of near-field system has several advantages over conventional far-field, PNF and
CNF systems. The spherical near-field (SNF) antenna measurement system is the only one for which
the scanning surface is actually completely closed, and for which there is thus no inherent
truncation error. Therefore SNF measurements can be used for any antenna type. Because of this,
the SNF system can more universally meet different types of antenna measurement requirements,
namely low and medium gain antennas whose patterns are broad, as well as high gain antennas.
These systems provide the best side lobe measurement performance since fields are measured in

all directions, with the exception of the mounting structure blocking the AUT’s backward radiation.



Finally, probe compensation?is far less critical with SNF because at any point on the scanning

surface the probe is always pointed directly toward the AUT.

Since this technique is of prime importance for this work, the next chapter is devoted to the

elaboration of SNF fundamentals and its various computational aspects.

TEST
ANTENNA

FROBE

FIGURE 3 - TYPICAL SPHERICAL NEAR-FIELD MEASUREMENT SYSTEM (AFTER [NSI 06])

2A technique that accounts for the probe pattern in the measurement of the fields. We do not measure the
fields at a single point, but rather on region shaped by the probe’s radiation pattern [Paris 78]



Chapter 3 - Spherical Near-field Fundamentals and Computational
Aspects

3.1 - SWE Fundamentals Applied to SNF Measurements

The details underlying the description provided in this chapter are given in Appendix A —
Spherical Wave Expansion (SWE) Fundamentals. In this chapter only those expressions needed a

“user’s” point of view — which is the viewpoint of the chapter - are presented.

A given AUT has a sphere of minimum radius that is able to completely enclose it. As the
AUT size increases so does the radius of the minimum sphere. This is accompanied by an increase in
the number of spherical harmonics (N) needed’ to represent the field. As an empirical rule [Hans

88, pp.21], the number of meaningful modes are determined using

N =kpy+mny (3.1)

where k is the wavenumber, p, the radius of the minimum sphere enclosing the antenna, and n, an
integer factor based on the location of the AUT in the coordinate system and the accuracy required.

The total number of modes required is

2N(N + 2) (3.2)

Historically n; was usually set equal to 10, or in some cases to (kpy)*/3, which was related to the
computing power available. Recent development has linked an expression of n; to the acceptable
power truncation error [Jens 04], further details are given in Appendix A. As the number of required
modes N increases, the sampling density needed to reconstruct the fields without modal aliasing

increases as well. The steps in 0 and ¢ needed to satisfy the sampling criteria are

46 =21/(2N + 1) (3.3)

and

* Note that an infinite number of modes are needed to perfectly represent the fields, but only few of them
carry significant power and do not decay exponentially.



Ap =2m/(2N +1) (3.4)

As can be seen, if the minimum sphere is large (i.e. the AUT antenna is electrically large) the steps in

0 and ¢ become small, and a large number of points must be measured.

Once the required angular separation (A8, A¢d) between sampling points has been
determined, the near-field data is acquired at a pre-determined set of points on the measurement
sphere enclosing the AUT. Such uniform sampling (in angle) is needed in order to apply the standard
numerical processing algorithms (based on spherical wave expansions) to rapidly compute the far-
zone radiation patterns of the AUT from the acquired near-field data. The problem is that this
results in crowding of data points as one approaches the poles of the near-field measurement
sphere. Many of these points, while being needed to apply the spherical wave expansion based
near-field to far-field transformations, might be redundant from the point of view of the surface
equivalence principle. Some recent advances are trying to reduce such redundancy are discussed in

[Dire 12], [Bucc 03] and [Cost 11].

3.2 - SNF Antenna Measurement System Definition and Acquisition

Obviously the preferred coordinate system for spherical near-field measurement is the

spherical coordinate system, as defined in Figure 4.

S

S

FIGURE 4 - COORDINATE SYSTEM USED FOR SNF MEASUREMENTS
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Multiple ways are possible to acquire the samples on the measurement sphere, as

described in what follows.

3.2.1 - 180-Phi Data Set

This refers to the resulting data set acquired using a SNF measurement where the AUT
rotates 360° in 6 but only 180° in ¢. This means that the AUT will illuminate all four walls of the
chamber throughout the measurement. For a 180-Phi measurement acquired with M sampling

points in 8 and N sampling points in ¢, data will be measured at the following points:

o 360°
0, = —180 +(m—1)(M_1) m=12,...M (3.5)
180°

FIGURE 5 - EXAMPLE OF A 180-PHI SNF ACQUISITION (AFTER [HIND 06])
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3.2.2 - 360-Phi Data Set

This refers to the resulting data set acquired using a SNF measurement where the AUT only
rotates 180° in 8 and 360° in ¢. This now means that the AUT will no longer see one of the
chamber’s walls (the wall illuminated by the AUT at 8 = 180°). For a 360-Phi measurement acquired
with M sampling points in 8 and N sampling points in ¢, data will be measured at the following

points:

180°

Oy =(m—1) (M—l) m=12,..,M (3.7)
360°

on=mn—-1) (N — 1) n=12,..,N (3.8)

FIGURE 6 - EXAMPLE OF A 360-PHI SNF ACQUISITION (AFTER [HIND 06])
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3.2.3 - Redundant Theta/Phi Data Set

In this case the resulting data set is acquired using a SNF measurement where the AUT
rotates a full 360° in both 8 and ¢. The AUT will illuminate all 4 walls of the chamber throughout
the course of the scan. Since both axes rotate a full 360°, two complete AUT data subsets are
contained within the redundant data set. For such a redundant measurement acquired with M

sampling points in 8 and N sampling points in ¢, data will be measured at the following points:

. 360°
0, = —180 +(m—1)(M_1) m=12,..,M (3.9)
360°

Averaging the two subsets (180-Phi and 360-Phi), one may acquire what is known as a “redundant

theta/phi” data set.

TABLE 1: SUMMARY OF SPHERICAL NEAR-FIELD SCANNING GEOMETRIES

Terminology Description

Measurement sphere acquired with AUT rotation of

180-phi Scan
0° < ¢ <180°,-180° <0 <180".

Measurement sphere acquired with AUT rotation of

360-Phi Scan
0°<¢ <360°,0°<6<180".

Measurement sphere acquired with AUT rotation of
0°<¢ <360°, -180° <6 <180°".

Redundant Scan ¢
This will produce two complete AUT data sets, which can be
averaged to produce a single, redundant radiation pattern.
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3.2.4 -Note on Scanning Set

While it might be confusing, one must note that scanning either in 180-phi or in 360-Phi will
acquire the same sample points in space, and the same will region is scanned. The only difference is

the order by which the points are acquired and displayed to the user.

One can of course find various other ways to acquire samples on the measurement sphere
such as, instead of scanning in ¢, the scan motion can be in 8. While not providing significant
advantages compared to the previously discussed standard acquisition for conventional SNF
measurements, such freedom in the manner in which NF data is acquired will be used extensively in

this work on adaptive SNF techniques.

3.3 - Computation of SNF Near-to-Far Field Transformations

The standard approach used for NF-FF transformation in SNF testing is based on the
spherical wave expansion (SWE) method. This approach is used in NSI2000" and discussed in
Appendix A — Spherical Wave Expansion (SWE) Fundamentals. Two other approaches have also
been touted in the research literature, mainly from research groups in Europe. These are the source
reconstruction method (SRM) and the multipole algorithm method; these are the subject of Section
3.3.2 and Section 3.3.3, respectively. We further propose a reciprocity based method in Section
3.3.4. Methods used to reduce truncation error when using NF data from only portions of the

measurement sphere are reviewed in Sections 3.4.1 through 3.4.4.

3.3.1 - Conventional SWE Approach

The use of spherical wave modes in antenna engineering actually preceded the

development of SNF antenna measurement techniques, as evidenced in [Pott 67] and [Pott 74].

* NSI2000 is the antenna measurement software produced by Nearfield Systems Inc. (NSI). As we will see
through the rest of this work, this software is at the heart of the simulations and the implementations.
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In essence, with reference to Figure 7, we measure Emn on the spherical measurement
surface Sy,0qs surrounding the AUT and use a near-field to far-field (NF-FF) transformation to
compute the FF radiation patterns. The NF-FF transformation for SNF measurements has principally
been based on the spherical wave expansion (SWE) approach. The principal references are [Hans

88], [Yagh 86] and [Appe 86]. Expressions are given in these references for the SWE coefficients as

integrals consisting of the scalar product of Emn and the SWE functions. The integration is
performed over the measurement sphere. These days the evaluation of such integrals numerically is
not a difficult task and can be performed efficiently. The SWE approach is used in commercial SNF
systems, which usually use the NIST software that implements the NF-FF transformation, although

alternative commercial versions of such routines exist (eg. SNIFTD [Ticr]).

As stated above, we measure only Etan =fix Emeas on the spherical measurement
surface Sy,eqs, Where Emeas is the electric field at the measurement surface. However, the surface
equivalence principle dictates that we need to know both Etan =fx Emeas and ﬁmn =fAx ﬁmeas
oNn S;eqs in order to be able to determine the fields over any other surface (e.g. at observation

points in the far field). This is because the surface equivalence principle requires that we know both

Mg =—-Mx Emeas andfs =fNx ﬁmeas oNn S;peas- In order to be able to use only F?mn to compute
the FF patterns some rigorous electromagnetic theory based "trick" must be used. The SWE
approach provides a very direct and convenient way to do this, since once the coefficient of the
spherical wave modes are determined in terms of the electric field they can be used to compute the

magnetic field. Refer to (a.10) and (a.11) to appreciate the coefficient swapping needed.
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FIGURE 7 — SWE NF-FF TRANFORM FROM THE POINT OF VIEW OF SURFACE EQUIVALENCE PRINCIPLE

The present adaptive SNF work uses the conventional SWE approach to perform NF-FF
transformation. This is the preferred way since it is computationally efficient, well-tested and part
of the NSI2000 system already. However, should it in the future turn out that some chosen
acquisition rule’ results in non-smooth convergence of FF quantities as NF data is adaptively
acquired we might need to use an alternative transformation method. Possibilities are discussed in

the remainder of this chapter for completeness.

3.3.2 - Source Reconstruction Approach

The source reconstruction method (SRM) is an integral equation based approach that is
easily understood with reference to Figure 7. The tangential electric field is measured at points on
Smeas @s usual. Thus we can write that we know 7 x Emeas(ﬁ) at observation points7 € S,,.4s-
We know that this electric field is actually due to a physical electric current densities plus
appropriate polarization current densities on the AUT structure. However, the surface equivalence

principle allows us to replace these actual current density sources by equivalent electric and

> This is dealt with in Chapter 5.
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magnetic surface current densities fs and 1\75 respectively, on a fictitious surface S, that
surrounds the AUT. The latter current densities exist at points 7 € S,,. If we knowfs and Ms then

we can use the free space Green's function to find the field E(F, fs ,Ms) due to these current

densities at any point 7 external to Seq- If everything is to be self-consistent we must have

ix E(F;]s ) Ms) = AX Emeas(t) 7 € Speas
(3.11)
The expression for E(F, ]; ,MS) will consist of integrals taken over S,,. The SRM approach replaces
the AUT by equivalent sources ]; and Ms by solving an integral equation forfs and MS using the
method of moments. Oncefs and Ms are known the fields of the AUT can be predicted at

observation points 7 both inside Sy,cqs (but outside S,4.) or outside Syqs (i-€. in the far zone)

using the same superposition integral E(F, fs ,Ms) used in the integral equation. If turns out that
use of the SRM is not necessary in the adaptive SNF of this thesis and so is not used, as the

processing time is much longer, as shown in Figure 8.

The SRM approach has been studied by many authors. We list here only those that have

considered the use of the technique with SNF testing:

[Alva 06] [Alva 07a] [Alva 07b] [Alva 08] [Las 97] [Las 99a]
[Las 99b] [Las 06] [Lope 08] [Mart 11] [Petre 91] [Ponn 91a]
[Ponn 91b] [Sark 99] [Taag 96]

One reason to use the SRM approach is more for antenna diagnostics than as a near-field to
far-field transform. This is an important topic for practical antenna testing; many authors are still
working on such topics. The surface S, can be chosen so that it coincides with the radiating
aperture of the AUT. Then, the equivalent currents can provide information on the AUT operation
or defect. Also, Seq can be selected so that it coincides with the surface on which the AUT is
mounted during testing. Therefore, the contributions of these equivalent currents can be omitted

from the predicted FF, hence seeing the FF patterns without the test jig contribution.
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FIGURE 8 - COMPARISON OF TIMES FOR NF-FF TRANSFORMATION USING SWE AND SRM APPROACHES
(AFTER [ALVA 08])

If one is using a pre-assigned partial SNF scan then it is of course of little consequence if the
NF-FF transformation process takes longer than the SWE-based one. One can even argue that an
AUT can be tested and then removed while its NF-data is being processed into FF-data, so freeing
up the SNF range for the next AUT. In practice it is more likely that engineers would want to see
what the performance is before dismounting the AUT; this is especially true when the SNF range is
being used as a diagnostic tool or an antenna is being calibrated or fine-tuned in some way. At any
rate, an excessive NF-FF processing time would not be acceptable if we wish to use an adaptive SNF
approach. The amount of time taken by the SRM approach is compared to the SWE approach in
Figure 8. As seen on the logarithmic chart, as problem size increases, the SRM approach will take

much more time than the SWE method.

3.3.3 - Plane-Wave Spectrum Transformation

This technique was initially developed [Schm 08] to enable rapid implementation of higher-
order probe correction in SNF testing (in fact for any surface which is a body of revolution). It does
not use the SWE modes directly. Instead the SWE modes are expanded in propagating plane waves.

More recent attempts at speeding up the transformation computationally have been described in
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[Schm 10] and [Schm 11b]. Of more interest to the adaptive SNF work is the related publication
[Schm 11a] by the same authors. The latter describes the use of the technique for cases where
irregular sampling might be advantageous. This includes (a). combinations of canonical scanning
surfaces such as cylindrical and spherical, and (b). irregular sample-point distributions with a higher
sampling density in regions of fast field variations (eg. near NF data nulls), and lower sampling
density in regions where the NF data is more gradually varying, in order to reduce the overall
number of measurement points. This does not appear to offer any advantage as far as adaptive SNF
algorithms are concerned, and so has not been studied in detail in this thesis because the

traditional SWE based method is already fast enough.

3.3.4 - Reciprocity Based Method

If we were able to measure both 1\75 = —fix Emeas and fs =fAx ﬁmeas on S;eas, We could
use the conventional free space Green's function integrals to find the FF radiation patterns. But of
course we do not measureL =fix ﬁmeas. One way of removing the latter from the picture is to
argue that, since the surface equivalence principle (as applied here) produces zero fields inside
Smeas W€ can introduce, as a theoretical artifice, a conducting sphere inside S04 Without
changing the external fields predicted. This would mean thatfS =fAx ﬁmeas would not radiate, and
so would not be needed. However, we would now need to determine the field 1\7S = —fx Emeas
radiating in the presence of a perfectly conducting sphere of radius p;,eqs, @s Shown in Figure 9. A

possible way to do this is proposed here for the first time.

The reciprocity theorem relates the electromagnetic fields and sources of one situation to
the fields and sources of a second situation. We take the one source to be an infinitesimal magnetic
dipole M, = Ppo18(p — Poo) at infinity, where P, is the polarisation of the FF pattern we
eventually wish to compute from the NF data. This source thus produces a plane wave incident on
the sphere. For a conducting sphere of radius a centred at the origin of the coordinate system, and
a plane wave incident along the z-axis, the scattered magnetic field can be written as a spherical

wave expansion with the coefficients [Blad 07]

oy = D+ 1)!
B Cn)! (2n + 1)!

ap = (ka)>™*1 (3.12)
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(ka)2n+1
(3.13)

Thus we are able to calculate the electric field ﬁa(ﬁ) at points on the conducting sphere (that is, at

N

P = Pmeas) due to the idealized source Ma at infinity. The second source is the "patch", or

whatever sub-domain expansion function is selected in the expansion for the measured magnetic
current density (that is, the measured tangential electric field), of magnetic current density Mb that

resides on the surface of the conducting sphere, and whose far-zone field ﬁb(ﬁ) we wish to

determine. In this scenario the reciprocity theorem reduces to the statement

H, (ﬁfar—zone)- ﬁpol = ff Hy(Pmeas)- Mp( Pmeas)dS (3.14)

Smeas

In the far-zone the magnetic field is easily related to the electric field via the intrinsic
impedance of free space. This will allow the NF-FF transformation to be performed if it is deemed

necessary to use a sub-domain approach in adaptive SNF measurements.

Direct use of modern quadrature algorithms specifically devised for numerical integration
over spherical surfaces might allow rapid multiple-evaluation of (3.14) and allow less restricted
selection of sample points than SWE-based NF-FF transformation algorithms, which is bounded to a
spherical grid. If one would be using Gauss quadrature, then the algorithm will require specific

sample points, but this might not be convenient in practice.

As the work on adaptive SNF techniques progressed, it became clear that the reciprocity

based method just suggested is not in fact needed, and so it has not been studied in more detail.
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FIGURE 9 - MAGNETIC SURFACE CURRENT DENSITY AT SURFACE OF MEASUREMENT SPHERE

3.4 - Partial SNF Scan - Truncation of the Measurement Sphere

As can be seen from (3.3) and (3.4), if the minimum sphere is electrically large (i.e. the AUT
antenna is electrically large), the steps in 6 and ¢ become small, and a large number of points must
be acquired. Of course, since an electrically large antenna will usually be directive, most of the
energy is concentrated in a region of space. In such cases engineers have found it is worthwhile to
consider truncating the scan area and restraining the probe to only sample a specified sector of the
complete sphere. The fields outside the limited area are assumed to be zero. Such deliberate

truncations have the potential to reduce the acquisition time.

The electromagnetic theory upon which the SNF technique is based requires the scan area
to be a closed surface surrounding the AUT, in this case a spherical surface. Scanning only over a
part of the spherical surface (so that we have partially-scanned SNF data) results in the so-called
truncation error®. A number of authors have proposed methods for reducing the truncation error
that results from using partial SNF measurement data. The underlying reasons given in such work to

pursue the use of partial scans have been the following:

® Not only is the AUT radiation pattern not known outside the measured angular sector (a method of
estimating the reliable angular region is given below), but there is also some truncation error within the
“reliable” sector.
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(a). Physical limitations on the AUT.
(b). Limitations of the SNF measurement system.

(c). Prohibitively long data acquisition time for full SNF scans.

It is reason (c) that is the driver for the present work, namely we are interested in the
possibility of using partial SNF data in order to achieve the test time reductions associated with

having to require fewer NF data points.

Conventionally, in partial scans the truncation of the measurement sphere is accomplished
by selecting a spherical cap defined by an angle from the center of minimal sphere — the truncation
angle. Such a cap must be selected to be in the same direction as the expected far-field pattern
maximum so that the cap captures most of the power from the AUT. Thus the cap must be large
enough and correctly located. The truncation angle limits the validity angle of the predicted far-field
pattern to an opening angle narrower than the truncation angle — such angle is determined from a

geometrical viewpoint to be

0, =0;— Qtf =0, — Sin_l(Po/Psph)
(3.15)

The meaning of the symbols in (3.15) is clear from Figure 10. Quantity py,eqs iS the measurement
sphere radius and py is the radius of the minimum sphere completely enclosing the AUT. Angle 8, is

the maximal validity angle and 6, the truncation angle.

22



FIGURE 10 - TRUNCATION OF SPHERICAL NEAR-FIELD MEASUREMENT SPHERE

Several authors have been trying to seek ways to reduce truncation error effect, and/or
increase the angle of validity compare to the angle of truncation. The next sub-sections are devoted

to describing such techniques.

3.4.1 - Direct Matrix Approach

This approach [Yang 11] is actually intimately related to the conventional SWE method of
Section 3.3.1, but is best classified separately, since it offers some flexibility that might have
application in adaptive SNF approaches. The formulation is obtained by deriving a matrix form of

the transformation that we can write symbolically as

[SWE Coefficients] = [Matrix of Mode Coupling Coef ficients]|x [NF Values of E — field]

23



Once we have the required number of SWE coefficients, determined as suggested in
expression (3.1), we have the transformed FF data. This means that we need a sufficient number of
NF data values in order that the above matrix equation has as many unknowns as equations. If we
have acquired sampled NF values over only a portion of the measurement sphere then we could
still solve the under-determined matrix equation in a least-squares (pseudo-inverse) sense.
Alternatively, as done in [Witt 02], the partial recovery of the missing information can be obtained
by estimating the spherical harmonic coefficients by a least-squares approach using data that is
oversampled over the truncated scanning region (over-determined matrix equation). It is stated in
[Yang 11] that the number of necessary sample points can be determined by examining the rank of
the mode coupling coefficient matrix. This might be very useful in adaptive SNF work and could
even form one of the decision functions whose concept is discussed in Section 4.5. However,
further investigation would be needed since hard quantitative details are not provided in [Yang 11].
At any rate, the existing NF-to-FF transformation (based on spherical wave expansion theory) used
in NSI2000 turns to be so fast that there was no reason to use the direct matrix approach in the

work of this thesis.

3.4.3 - Non-Redundant Sampling Theory Approach

[Bucc 06] describes a technique to reduce truncation error (resulting from performing only
a partial scan), which applies to any type of scanning surface, based on the concept of the
information content of the field. This will not be discussed further here since we believe it is not
applicable to the adaptive SNF work. The most important reason it is that it requires one to sample
the NF data at points along selected axes perpendicular to the scanning surface. One could do this
with SNF testing by performing a second partial scan over a measurement sphere of different
radius. However, this will not decrease testing time. It would be useful in those cases where only a

partial scan is possible for reasons other than test time reduction.
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3.4.4 - Alternating Projections Approach

This technique had been applied to PNF testing, and only recently to the SNF case in [Mart
11] and [Cano 11]. The latter authors use slightly different implementations of what is generally

known as the method of alternating projections [Star 98].

[Cano 11] uses a particular implementation of the method of alternating projections
referred to as the Gerchberg-Papoulis algorithm. The SWE coefficients are found and FF data
calculated on a (6, ¢) grid and then converted to a regular (ky, k,,) grid’. We thus have the plane
wave spectrum (PWS). The unreliable portion of the PWS is filtered out and is then back-projected
(inverse Fourier transform) to the AUT aperture plane. All points on the aperture plane that lie
outside the AUT aperture are set to zero, and the plane wave spectrum then found from this
constrained aperture distribution as before. This plane wave spectrum will in turn have points
outside the reliable region. These are retained. However, the new plane wave spectrum samples
that lie in the original reliable region are replaced by their original starting values. These are then
projected back to the aperture plane and the steps mentioned earlier repeated. And so on,

iteratively, until some convergence criteria are met.

In [Mart 11] the projection algorithm consists of iteratively imposing matching of the
computed NF with the actual measured NF samples and performing spectral filtering in the SWE
mode domain, based on a knowledge of which SWE modes will be significant for the AUT of known

physical extent.

Although the method of alternating projections is a powerful technique that has been used
in many antenna applications, its application must be “supervised” (that is, users must be
knowledgeable of the method) since it is susceptible to so-called traps and tunnels, and may not
always converge [Star 98]. This would not be acceptable in an antenna measurement environment.
Further testing of the method might reveal that convergence is almost always achieved for this
specific application of the method, but with the limited cases checked in the mentioned
publications one cannot be certain of this. It is too early to accept or discount the method as a

useful technique for truncation error reduction in SNF testing using partial scans. None of these

7 Although it also references other possible spherical wave expansion to plane wave expansion (SWE-to-PWE)
conversions methods that can be used.
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techniques have yet gained widespread acceptance as a mainstream solution in industry. Also, a
fundamental resistance to "computing additional measured data", irrespective of its theoretical

correctness, will likely continue to limit the application of any single method in the short term.

3.4.5 - Interpolation of Field Variation Approach

A technique using adaptively denser sampling regions when the fields have rapid spatial
variations, and low density otherwise, was recently presented in [Qure 12]. In order to determine

where the rapid variation occurs, for the SNF case, the authors proceed as follows:

- One or a few rings of NF samples are acquired

- Aringis skipped and the fields are measured and interpolated over the next ring

- The difference between the interpolated field and the measured field is then assessed

- Acriterion is used to evaluate if the difference is high enough across the measured ring
to require measurements on the skipped ring. This is evaluated at each point so that if

only sparse points along the ring must be measured they can be sampled individually.

An example of an acquisition map® obtained using this technique is presented in [Qure 12],
and is reproduced in Figure 11. While this technique is elegant for simulated data, and exhibits good
results in theory, it is of absolutely no practical use the physical world. In fact it is believed that,
using this technique, it would take much more time to measure an antenna than a conventional
approach scanning the complete sphere. This becomes clear when we follow the movement of a
probe if this approach were to be used. First, the probe must acquire at very least 50% of the
complete NF array in a standard fashion, and then the probe must come back to points already
acquired to sample sparse data in-between rings. The mechanical movement of the probe being the
main culprit in acquisition time, the acquisition time needed to physically move the probe using this

approach would outweigh, by far, the advantage realised by skipping some points.

® This terminology was introduced by the present author in [Beau 12], as part of the work on which this thesis
is based, and will be described in Chapter 4 through 6.
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FIGURE 11 - NF ACQUISITION MAP FROM EXTRAPOLATION OF FIELD VARIATION (AFTER [QURE 12])

Also, apparently this method needs an irregular grid to work and uses the fast irregular
antenna field transformation algorithm (FIAFTA) (the essentials of which are presented in [Schm
09]). In spite of this, given the few details given in [Qure 12], it seems that [Qure 12] applies a
standard regular 6-¢ NF grid anyway, thus removing the need for using the FIAFTA algorithm. This
point could only be clarified if further details became available. This was not pursued since, due to

its practical implementation limitations, this technique won’t be used in this work.
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Chapter 4 - The Adaptive SNF Concept

4.1 - Introduction

Section 4.2 presents the ideas behind the adaptive SNF technique that has been devised as
part of this work. Three concepts are introduced to enable adaptive SNF algorithm development:
the fact that NF-to-FF transformations can be performed while the acquisition is on-going,
acquisition rules, and decision functions. Some guidelines are enunciated for all these in Sections
4.3 through 4.5, respectively. The implementation of these concepts will be discussed in Chapter 5,

and the results of application of such adaptive SNF concepts will be shown in Chapter 6.

4.2 - Principles of the Adaptive SNF Approach

We assume that we have an existing conventional SNF facility and operation. The goal is to
reduce near-field data acquisition time by requiring fewer data points than what is used on a

conventional SNF approach.

We recognise that the NF-FF transformation computation time is small compared to the
data acquisition time even if such computation is done repeatedly (while data is being acquired).
This fact does not appear to have been previously explicitly recognised or exploited. The idea is that
such computations be used as part of an adaptive algorithm intent on reducing the amount of data

that has to be acquired, and hence the overall antenna testing time.

Full SNF scans are those described in Section 3.1. Partial SNF scans of the kind needed for
adaptive SNF approaches will not cover the complete sphere, but can be the spherical caps
described in Section 3.4 and other to be described in Section 5.3. Instead we will need to specify the
locus of points that the probe must follow on the measurement sphere (until it is “told” to stop), so
defining a particular partial scan whose shape will depend on the particular AUT. We will call the
directed path to be followed by the probe the acquisition map that is controlled by the acquisition
rule. Irrespective of the particulars of the acquisition map, we can think of any acquisition map in
terms of a number of iterations, n = 1, 2, ..., N. We are of course at liberty to define the end of the

n" stage as we wish; indeed we could in the extreme define the acquisition of each new data point
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as the end of a new iteration (although we will not do this as the burden of computation can
become large compared to the acquisition). At the end of each iteration we need to calculate the
NF-FF transform, and compute a decision function value (discussed in Section 5.4) to decide
whether to terminate the SNF data acquisition or not. If the decision is to continue with measuring
NF data, the acquisition rule will use all the NF data acquired up to that iteration to determine the

next portion of the probe's itinerary.

If we can define decision functions so that they provide a measure of the accuracy with
which an identified performance index (e.g. directivity of the main beam; maximum side lobe level;
root-mean-square side lobe level) is being determined at each iteration, then the SNF data
acquisition can be terminated when the desired accuracy is reached. In this way we can acquire the
smallest amount of data in order to achieve the desired accuracy of the selected performance

measure of the AUT, thus minimizing the amount of testing time.

An acquisition rule (which uses NF data and results in an “acquisition map” of sample

points) used in conjunction with a decision function constitutes an adaptive acquisition algorithm.

In principle all acquisition maps should be such that, if we use a decision function that
always says "keep acquiring NF data", they terminate when the complete sphere has been covered
—that is, in a full SNF scan. When they terminate they should not have acquired more data than

that required by a full scan.

Probe correction need not be done during the adaptive procedure. Only once the final scan
size has been reached, and data acquisition terminated, do we need to do probe correction to

obtain the final radiation pattern.

For the acquisition rules to be developed, we must formulate some guidelines. This is
discussed in Section 4.4. We also need to define possible decision functions to be used in the
adaptive SNF techniques that will enable us to decide when to cease SNF data acquisition.

Guidelines for decision functions are outlined in Section 4.5.
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4.3 - Providing Measurement Feedback

In conventional SNF acquisition, which follows the flowchart shown in Figure 12, a large
number of samples are acquired and processed only once to obtain the final FF characteristics. As
previously mentioned, this method doesn’t provide any feedback to the test engineer during the
acquisition process. This can lead to the acquisition of an unnecessary number of NF data points
that don’t contribute significantly to the radiation pattern features of the antenna, computed

through the NF-FF transformation, that are of interest for a particular AUT.

Fios

4
End Result

FIGURE 12 - CONVENTIONAL SNF MEASUREMENT PROCESS

The proposed adaptive concept, presented in Figure 13, allows use of a form of feedback
loop as the acquisition is performed. A small number of samples are acquired; the samples to pick
are dictated by the acquisition rule. This small dataset is then processed through a NF-FF transform.
In the version of the adaptive SNF approach implemented in this work the NF-FF transform uses the
thoroughly tested method found in the commercial software NSI2000. As already mentioned, this
transformation is based on the SWE. The FF pattern obtained from the transformation of the small

dataset is then evaluated by the decision functions. This operation looks at some desired
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characteristics of the antenna (directivity, side lobes, etc.) and decides whether the acquisition of
NF samples should continue or halt. If the decision is to continue, then another small set of samples
is acquired, processed through the NF-FF transformation and re-evaluated by the decision function.
This is repeated until the decision function reaches its desired accuracy or the complete sphere of
NF data is acquired. At this stage, the acquisition is stopped and some post-processing can occur if

needed (graph plotting, derived parameters, automated report writing, etc.).

YQ%NF to FF

!

End Result

FIGURE 13 - PRESENTED SNF MEASUREMENT PROCESS

The value of showing, to the test engineer, the FF pattern evolution as the acquisition
proceeds cannot be underestimated. A good example of where such feedback loop can be valuable
is when the operator must verify if a directive AUT is properly aligned in the chamber. While not
requiring excellent amplitude accuracy, this task only requires seeing if the main beam has an offset
from the desired boresight direction. Instead of acquiring the full measurement sphere and losing
precious time, only a small portion of that sphere might be necessary to detect the “beam squint”.
Thus, the operator will appreciate the evolution of the FF as the acquisition is on-going, which can

lead to error finding and diagnosis much sooner.
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4.4 - Guidelines for Adaptive Acquisition Rules

By repeatedly computing the NF-FF transform from an increasing NF dataset we can
observe the evolution of the FF pattern. Not only is this feedback useful for an operator, but it can
also be used to modify the path of the probe for the next iteration. The objective of shaping the
probe path is to get the fastest convergence of the FF parameters to a desired accuracy using the

minimum number of acquired NF data samples.

The acquisition map is dictated by the acquisition rule, and the acquisition rule can be based
on feedback received from the previous iteration. The principal goal for the acquisition rule is to
acquire the samples that present the highest electrical field amplitude first, while maintaining
mechanically efficient scanning®. The mechanical movement is of prime importance as it is

considered the culprit as far as acquisition time is concerned.

We can imagine an acquisition rule (that we will eventually call rule #0) that gradually takes
the highest amplitude samples in turn; this concept will be exploited to compare the developed
acquisition rules but turns out (as shown in Chapter 6) to not necessarily be the most efficient one.
It is understood that this acquisition rule would only be used in numerical simulation of the
adaptive SNF method as a priori knowledge of the complete NF dataset is needed. It is not a

realistic acquisition rule for practical use.

It is essential to make some assumptions in order to move forward with the development of

realistic acquisition rules:

1. We assume a dual-polarized probe is being used. In those cases where test times are of the
essence, engineers often use dual-polarized probes, which acquire the two orthogonal field
components transverse to the sampling sphere simultaneously. Hence it is at once assumed
that the two transverse field components Eg and E(p are simultaneously acquired at each

sample point on the sphere of radius.

2. We never want to move the positioner if we are not also acquiring samples at the same

time.

° The mechanical efficiency refers to the ability to acquire samples only once, to sample the measurement
sphere as the probe moves and to acquire the highest amplitude field points.
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3. The specific adaptive algorithm chosen will in general depend on the type of AUT; yet

ideally it would be completely antenna independent. We will classify four types of AUT :

Class#1 - High gain antenna with main beam pointed at the North Pole.

Class#2 - High gain antenna with main beam pointed slightly away from the North Pole
Class#3 - Low gain antenna with a wide beam.

Class#4 - High gain antenna with multiple beams (eg. monopulse antenna difference

pattern)

4. We assume that we will always know, albeit only roughly so, the region of the NF
measurement sphere where the NF data amplitude is largest. Thus the starting point on the
measurement sphere for the acquisition map will be known.

5. Sampling redundancy, if any, should be minimal for any acquisition rule. Sampling the same
point multiple times will increase the acquisition time for no reason.

6. The least favorable case for an acquisition rule is to sample the whole measurement sphere.
If the acquisition rule is used in a sub-optimal scenario, it should acquire the complete

measurement sphere; which is the current accepted standard for SNF measurements.

It was initially thought [Beau 12] that we shall always set the ¢-value and acquire data by
scanning over B-values. Experience showed that the penalty of doing otherwise was actually small,
and therefore this restriction was removed from the criteria the acquisition rules should satisfy.
Also, even though classes of antennas are listed, it doesn’t mean that the acquisition rule must be
antenna dependent; ideally the system should be antenna-independent and thus find its way no
matter what AUT is present in the chamber. The formulation of these acquisition rules will be

presented in Section 5.3.

4.5 - Guidelines for Decision Functions

There are two general requirements that a decision function must satisfy:

1. It must have a behaviour that allows us to boldly apply a stopping-criterion (that is, take an

unambiguous decision as to the next step the SNF data acquisition must take).
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2. It must be such that, when we apply a stopping-criterion, we end up with what we actually

want. That is, a measurement proportional to the desired accuracy.

The most useful decision functions will be those directly related to antenna performance
measures. These could be formed from the antenna specifications most important to a particular
AUT. This will always be possible since, if it were not, then the performance specification measures
could not be obtained from any antenna measurement technique! It will thus be feasible, no matter
how specific an AUT performance specification for a particular application may be, to set up
appropriate decision functions and use the adaptive SNF approach. The aim is that in this way, no
matter how unique the application, we would be able to acquire the smallest amount of data in
order to achieve the desired accuracy of the selected performance measure of the AUT. This will
minimize the amount of testing time while simultaneously exhibiting real-time quality assessment
of the measurements. The rapid NF-FF transformation capability should enable us to perform such
computations repeatedly (and continuously monitor the decision functions whose values are
computed continually) while data is still being acquired. We suggest examples of possible decision

functions in Section 5.4.

4.6 - Concluding Remarks

In this chapter, the basis upon which to build the adaptive acquisition algorithm has been
laid. Three founding concepts for adaptive work were introduced. The ability to observe the
evolution of the FF as the acquisition is on-going is the crucial result for introducing feedback in the
measurement process. This is possible with the processing power of modern computers; the time to
process the NF-FF transformation is now small compared to the acquisition time. With the provided
feedback, the shape of the locus the probe will follow (the acquisition rule) can be modified based
on the measured near-field data at any stage. The acquisition should then halt once the selected
accuracy of some key parameters, namely the decision functions, has been reached. These concepts

are defined in detail in Chapter 5 and their performance studied in Chapter 6.

34



Chapter 5 - Implementation Plan for the Adaptive SNF Method

5.1 - Introduction

A necessary part in the development of the adaptive SNF algorithm is to build a flexible
software interface that allows one to study and use various acquisition rules, decision functions and
other techniques related to SNF adaptive acquisition through simulation. The interface must also be
capable of being altered to perform actual physical acquisition once the outcome of the simulation

study is complete. Such an interface is discussed in Section 5.2.

In Section 5.3, the acquisition rules developed are detailed and presented along with the

reasoning behind them.

Section 5.4 presents the decision functions properly formulated. Some comments will be

made as to why each decision function is of importance.

The inherent truncation that is introduced with use of an adaptive SNF algorithm creates a
sharp discontinuity between known and unknown points in a NF array; recall that the unknown
points are taken to be zero. To “soften” the discontinuity and provide a faster convergence, an
interesting idea is to initially acquire NF data over two or three orthogonal cuts on the
measurement sphere and interpolate the unknown NF datapoints from the cuts. That idea emerges
from [Rens 11] and [Rens 12], which was implemented for PNF systems. Work done in this area for

the more complex SNF application is presented in Section 5.5.

5.2 - General Software Implementation Details

The software framework developed for this work is mainly the combination of two software
packages widely used in the antenna measurement community: NSI2000 and Matlab. The idea is to
pass NF and FF data between both programs to get best of both worlds. It is easier to develop the
acquisition rules and decision functions in, and to present non-standard graphical output using,
Matlab rather than NSI2000 scripts. For instance, at each iteration of the adaptive SNF algorithm we
will pass both the NF data and the transformed FF data from NSI2000 to Matlab. The selected
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decision function evaluation will take place in Matlab, which will then issue acquisition map
instructions to NSI2000 based on the acquisition rule it has been instructed to apply. If a NF-to-FF
transformation other than the SWE method is deemed necessary for some adaptive SNF algorithm,
such a transformation can be implemented in Matlab. It was found that such transformation is not

needed since the SWE approach is already fast enough.

Complete measured SNF data sets for individual AUTs will be used in the development and
simulation of the complete adaptive SNF algorithm. In this work the performance of adaptive SNF
algorithms will be examined using a software code to emulate a scanning sequence by simply
extracting data points from the full SNF data set in the order in which it would be sequentially
acquired in practice if the adaptive method were being used. Note that the NF datasets used here
were acquired through measurement on actual antennas. We must emphasise this point since
noise, mechanical defects, vibrations and other imperfections are present in these data sets. Thus,

the presented algorithms are examined on “real-world” NF data and not simulated data.

An extension to this software framework enables a proper physical implementation, as

opposed to simulated implementation. This is presented in Section 5.6.

5.2.1 - Framework Software

The general layout behind the framework code is presented in Appendix B, with the file tree
presented in Appendix C. As seen, the majority of the algorithm is controlled by the scripting

interface of NSI12000.

It starts with the setting of some simulation parameters, namely the type of AUT studied,
the AUT test file to retrieve, which acquisition rule to use, and some flags setting the output type
required. Then the appropriate directories are set so that the file system is created; refer to
Appendix C for the file tree used. These settings have to be established by the user, but the rest of
the script is automated. Once the initial parameters have been set, the appropriate file containing
the complete measured data is loaded and processed for the first time; the NF and the FF data sets

are generated within NSI2000. The script then initializes the appropriate files to receive results, and
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initializes the Matlab workspace file. The FF from the complete data set'’is sent to Matlab as a
reference and to find the position (and level) of the second highest peak that is the largest sideobe,
the main lobe being the highest first peak. The method used to find the side lobe will be discussed
in Section 5.4.4. At this point we must emphasise that the transfer from NSI2000 to Matlab is not
trivial. A data array conversion is performed on the full NF and FF datasets to be sent to Matlab.
NSI2000 uses a single precision number representation while Matlab works in double precision. The
complete NF data array is saved in a temporary array so we can clear the NF arrays that NSI2000 is
using to process the fields. By putting to zero the NF data array, we clear the values to simulate a
new acquisition. Every time the algorithm acquires a point, the value from the temporary array,
composed of the complete original NF, is copied to the same position in the current NF array. At this
point, with the clean NF array, the algorithm can perform the NF pre-conditioning’* to smooth the

discontinuities.

Once the initialization is completed, the algorithm can perform acquisition and study the
decision functions. Initially the acquisition rules were made the responsibility of Matlab. In the
current more evolved version, the acquisition is now under the control of NSI2000. The reasoning
behind this decision is that the repetitive transfer of NF matrices, involving array conversion,
processing via Matlab, and a second array conversion put an un-necessary computing load on the
algorithm. By taking the acquisition to NSI2000, the simulation time is greatly shortened. To
perform the acquisition and the study of decision functions, multiple acquisition rules were devised
to account for various acquisition patterns of the original data ($-180, ¢-360); these will be
explained in Section 5.3. Irrespective of the acquisition rule selected, the acquisition algorithm

performs a loop, and runs through the following steps at each iteration :

e Acquire a small number of samples in accordance with the acquisition rule

e Compute the FF from these NF samples

e Send the FF array to Matlab

e Send parameters (directivity, % data set, % complete sphere, amplitude peak value
and iteration number) to Matlab

e Matlab determines the location and level of the highest side lobe

19 Recall that in the simulation studies performed in this work we start with a complete NF data set and then
simulate actual acquisition by picking up these points in a way that emulates actual acquisition.
1 Pre-conditioning is discussed in Section 5.5.
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e Process the modal content to display graphically the coefficients, refer to Section
5.2.2.

e Display the iteration evolution and the decision functions

5.2.2 - Mode Processing

Since NSI2000 uses SWE techniques to perform the NF-FF transformation, it is possible to
visualize and extract the coefficients used. A function that extracts SWE coefficients and formats
them for Matlab was written. In NSI2000 the SWE coefficients are file-based, thus the file must be
parsed properly [Betj 12]. Then the coefficients must be correctly assigned to an array that can be
sent to Matlab. Note that in the current implementation of the Matlab script, only the coefficient

amplitudes are sent; the phase can be sent as well if deemed necessary with minor modifications.

Also, with the current version of NSI2000, the modal coefficients can be extracted but not
modified and re-inserted. Hence, we can observe the coefficients but not adjust them for re-
processing. The decision was therefore taken to leave mode filtering for future work should it turn

out to be of interest for adaptive SNF algorithms.

5.2.3 - Timing Tests on processing operations

Time reduction being the end goal of adaptive SNF methods, it is of interest to quantify the
time needed to perform various portions of the adaptive acquisition. It is relevant to grasp the
trend of some crucial software functions used by the adaptive algorithm; some test routines were
written in order to do so. The results are summarized in Appendix D. These tests were performed
with a 2005 processor AMD X2 4600+ with 2 GB of RAM and a Windows 7 32-bits operating system.

Brief definitions of the tests performed are as follows:

Test 1 - NSI NF processing : Open AUT file and process NF data

Test 2 — NSI FF processing : Open AUT file and process FF data

Test 3 — Send NF to Matlab : Send NF array to Matlab
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Test 4 — Get NF from Matlab : Retrieve NF array from Matlab and assign it to current NF

array

Test 5 — Send FF CoPol Amp to Matlab : Send FF copolarized amplitude array to Matlab

Test 6 — Send FF Dir to Matlab + Compute Diff + Get Results : Send directivity value to

Matlab, perform a simple arithmetic subtraction operation in Matlab initiated from

NSI2000, and retrieve the result

Test 7 — Run SidelobeFinder in Matlab on FF sent + Retrieve max val : Using previously sent

FF data, use the function SidelobeFinder (refer to Section 5.4.4) to locate the side lobe, and

send the position and amplitude to NSI2000

Test 8 — Compute Error Function in Matlab on FF sent + Retrieve max val : Compute error

function in Matlab and retrieve result with NSI12000

As seen from Appendix D, Tests 1-6-7-8, are relatively independent of the data set size and
are fast to perform. While Tests 3 and 4 are linear with respect to the number of NF samples, and
Test 2 seems to exhibit a logarithmic trend, as seen in Figure 14. Five AUTs were tested to obtain
the results shown. Even though it is independent of the data set size, one can also note the time
taken to send the FF array to Matlab (Test 5) is around 5 seconds here. The reason why it takes so
long is that each point in the FF array has to be interpolated first; this slows down the operation.
However, it is clear that the times are relatively small, and the assumption that the overall test time

will be determined principally by actual acquisition time is a valid one.
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FIGURE 14 - TIMING TENDENCIES OF EACH PROCESSING TEST PERFORMED

5.3 - Acquisition Rules

Here we define the acquisition rules developed. In the early stages of this work many such
rules were considered. Now, with appropriate criteria defined, some previously defined rules were
found to be inapplicable, mostly due to mechanical constraints and inefficient acquisition, and are
not included here. Also note that for each acquisition rule devised, a ¢$-180 and a ¢-360 version has

been written in order to accommodate various antenna acquisition schemes.

5.3.1 - Acquisition Rule #0 - Highest Samples First

The choice to number this acquisition rule with 0 is deliberate as it is not a practical
acquisition rule but one that we hoped would serve as a basis against which to compare other
acquisition rules. This rule can only be used in simulation, since it requires a priori information
about the fields on the complete measurement sphere. At each iteration, a threshold is set and any
NF points with an amplitude value higher than this threshold is acquired. This threshold is lowered
at each subsequent iteration, e.g. at iteration n the threshold is at -10dB, and then at iteration (n+1)
the threshold is -15dB. This is done until the complete NF array is acquired. Therefore, only the

highest value points are acquired first. It was believed that in these circumstances, any other
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acquisition cannot converge faster that this one. This turns out not to be the case, comments being

to this effect made in Section 6.3.1.

5.3.2 - Acquisition Rule #1 - Increasing Cap

Acquisition rule #1 results in an acquisition map (illustrated in Figure 15) that is similar as
that of the conventional partial scan method described in Section 3.4. In other words, the rule
results in a growing cap of sample points, with scanning in ¢. The truncation angle 6, is increased
after each iteration by an amount AB. Note the first iteration has 8 = 0° and the probe completes a
360° rotation about the z-axis. The second iteration has 8 = AB° and the probe again completes a
360° rotation in ¢. The n-th iteration encompasses the sampling points of all previous iterations.
While not using information from previous iterations to shape itself, this acquisition rule will be
shown to be of importance; it is a very simple acquisition rule that satisfies all the criteria

mentioned in our guidelines.

Note that in Figure 15, the dots are possible sample points and the coloured lines represent

the probe movement, and thus the acquired samples. The different colours represent different
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5.3.3 - Acquisition Rule #2 - Guided Threshold

The second acquisition rule is a two-fold process. The first iteration of this rule proceeds as
follows: The probe starts at 8 = ¢ = 0°, and then scans in 6 until a sampling point is reached where

the total measured electrical field amplitude

- 2
|ENF| = |ENF9|2 + (Enr (5.1)
@

is less than a pre-defined threshold value. The probe then increments its position by Ad and scans
back to the centre of the measurement sphere in 8 to increment again its position by Ad. These
steps are repeated until ¢ has gone from 0 to 360°. The second and subsequent iterations of this
rule then proceed as follows: Each iteration adds NF data acquired at all sample points lying within a
user-defined band of width mA® circumscribing the acquisition map created during the previous
iteration. Integer m sets the width of this band that will follow the acquisition map created during
the previous iteration. This process will favour particular regions of higher electric field magnitude
and therefore allow for a level of adaptation as the process evolves. The described process is

illustrated in Figure 16. Note that no sample point is missed between iterations.
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5.4 - Decision Functions

5.4.1 - Absolute Directivity Values

The co-polarized (partial) directivity in direction (6, ¢) can be computed using

4m|E., (8, 9)|?

Dco(ev(p) = 210Prad
ra

(5.2)

where 7 is the free space intrinsic impedance. The total radiated power P,.,4 can be found using
the SWE coefficients obtained from the NF data available at the n™ iteration. An expression similar
to (5.2) can of course be used for the cross-polarized case. We can observe the directivity in the
direction of maximum radiation as the scan size increases. In the case of the co-polarized directivity
this occurs in some expected direction, but in the cross-polarized case the direction in which the
directivity is a maximum might not be known. The locations of such maxima are easily determined

through simple automated searching of the numerical data at each iteration.

Both the co- and cross-polarized maximum directivity plots should converge to some steady
value as the scan size increases. At some point the directivity value should change negligibly from
the (n-1)" to the n™ iteration. If this change is less than a certain amount, say the known accuracy
within which the directivity can be determined by the measurement set-up, this can be used to
terminate the SNF scan. We expect the co-polarized maximum directivity to settle down at a
smaller scan size than the cross-polarized one. This is to be expected as the cross-polarized patterns
are at much lower levels than the co-polarized ones, and are therefore more sensitive to
measurement errors (including truncation error). If the polarisation properties are the important
ones in some test then both the co- and cross-polarized directivities could be tracked. Instead of (or
in addition to) the directivity maximum we could also observe the directivity in the direction of the
highest side lobes. The directions of such side lobes are easily found using technique proposed in

Section 5.4.4.
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5.4.2 - Directivity Changes Between Scan Iterations

Alternatively, we can directly track the changes in the directivity

ADZ,(6;,¢;) = |[101og D&, (6;, ;) — 101og DI (6, 9))| (5.3)

in a specific direction (6, @), say, from one iteration to the next. The directivity differences would
be computed here by subtracting the dBi values of the directivity. The reason is that we want the
value ADZ, to decrease to zero as the scan size increases. These should all taper off as the scan size
enlarges with increasing scan iteration count. The scanning can be terminated once 4DZ, (6, ¢o)
falls below 0.1dB, for instance. It would also be possible to observe these differences in the
directions of side lobes that might determine whether the AUT satisfies its pattern specifications.
We could for instance examine max; ;{AD%,(6;, ¢;)}, which could be the maximum difference in
directivity over all directions within some specified angular range of the main beam direction. We
are not interested in directivity differences in the directions of pattern dips, since these can be large
and meaningless. Thus only those points (6;, ¢;) for which DZ,(6;, ¢;) > —30dBi (for example)

could be considered in determining maxi'j{ADZ‘O(Hi, (pj)}.

5.4.3 - Normalized Pattern Differences Between Scan Iterations

After the n™ and (n-1)™ scan iterations we denote the far-zone co-polarized electric field
value in direction (6;,¢;) by E%(6;,¢;) and EZ51(6;,¢;), respectively. These are obtained at
each iteration using some NF-FF transformation. The error term in direction (Gi,fpj) is, after the

n™ iteration, then

|ES (60 9))| — |EL (60 9))]
max|Ec, (61 ;)|

12 (60,9) = (5.4)
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In other words, the error measure in every direction is the normalized difference between the n"
and (n-1)th patterns in that direction. Therefore, the full three-dimensional pattern is considered
rather than just single pattern cuts. The normalization factor is simply the maximum field
magnitude after the n" iteration. Observe that the error term is direction dependent, that the
values of the quantities in (5.4) are not in decibels, and that a similar quantity can be defined for the
cross-polarized fields. If the normalized radiation pattern magnitude in direction (Hi, (pj) is Egg, and

we wish the uncertainty there to be 4,5, then we require

201og|f% (6;, ¢;)| < Eap + 201og{1 — 1074a8/20} (5.5)

As a decision function we could also observe the value of f% in some specific direction (8, ¢,) or
set of directions such as the pattern maximum and important side lobes, or its maximum value in all

planes out to some maximum angle, and continue scan iterations until these are sufficiently small.

5.4.4 - Side Lobe Directivity

Side lobe level is often a performance requirement for an AUT, and so needs to be
associated with some decision function. Side lobes could “move around” slightly as an increasing
number of NF data points are acquired during the running of the adaptive SNF process. So after
each iteration we need to first locate the side lobe and then identify its level. We have used an
algorithm from the field of computer vision for this purpose. It is designed to be able to quickly

locate maxima out of a set of data values.

The technique is used to track several pattern peaks. The highest is assumed to be the main
lobe, as will be the case with all correctly operating antennas. So with the FF represented as an
array of data points, the task to track the first side lobe is to find where the second highest local
maximum is within that grid of points, the first one being the main beam. The side lobe tracking
must occur rapidly enough to be processed at every iteration without impacting significantly the
processing time. Few algorithms are available, but we have borrowed the above-mentioned one

from the computer vision discipline. Since digital images are simply an array of color levels, the FF
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data array can be viewed as an image as well, and any computer vision algorithm can be applied on
it. Matlab implements the IMDILATE function [Matw 13a] to dilate an image. This function can be

used to find local maxima by specifying a filter

1 1 1
[1 0 1] (1.1)

1 11

This filter is a so called binary morphological structuring element, where the array contains only 1’s
and 0’s. As described in [Matw 13b], “the location of the 1's defines the neighborhood for the
morphological operation”. In this case the grayscale morphological operation is a binary dilatation

defined as

(A @ B)(x,y) = max{A(x —x",y —y') + B(x",y")|(x", ') € D} (5.6)

where,
Dg is the domain of the morphological structuring element B
A(x, y) is assumed to be -co outside the image domain

Commonly, with a flat structuring element (B(x, y) = 0), the operation becomes

(A® B)(x,y) = max{A(x —x",y —y)|(x',y") € Dg} (5.7)

More details about computer vision algorithm and image dilatation can be found in [Gonz 09].
However, it is not necessary to understand all the details to apply this Matlab function successfully;

a “user’s approach” has been adopted here.

The above procedure enables Matlab to list very quickly (sub-millisecond) local maxima for
a moderate size FF array (401 x 401, thus 160k points). The position as well with the amplitude of

the desired side lobe is then retrieved for further processing.
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5.4.5 - Averaged Error Measures

We could also average the quantities f/5 (Qi, (pj) or D?O(Gi,goj) over all directions within
the region of interest. These would provide curves that smoothly taper off as the scan size
increases. The problem is that it might be difficult to decide on a threshold value to be used for
terminating the scan iterations. The reason is that the averaged quantities are not directly related
to a measure in terms of which antenna performance specifications are written or through which
the accuracy of these quantities can be expressed. Also, in general, since averaging is the equivalent
of a low-pass filter, the decision function might halt the acquisition later than necessary, thus

acquiring slightly more samples than required.

5.5 - Near-field Matrix Pre-Conditioning

5.5.1 - Spherical Interpolation Concepts

At the beginning of this work the start values of all NF data points were assumed to be zero,
implying that fields on the measurement sphere were zero everywhere. These values were then
replaced by actual measured data as the acquisition proceeded. At any stage only a portion of the
fields on the measurement sphere would have been sampled. This introduced a significant and ever
changing truncation effect. In order to “soften” this transition an interpolation method that was
implemented for adaptive planar near-field (PNF) systems in [Rens 2012], was devised here for SNF
application, and referred to as pre-conditioning. The idea is to use an approximation of the NF data
as a starting point instead of an empty NF array, thus avoiding the use of zero field values entirely.
Two or more cuts of NF data are acquired before the adaptive SNF method is initiated, and the

entries in the NF array are set to the values obtained by interpolation of the data points acquired.

Three possible orthogonal cuts on the sphere are considered; the first two cuts are referred

to as longitudinal cuts while the third is referred to as an equatorial cut:

- Cut ¢ = 0°, with 6 from 0° to 360°
- Cut ¢ =90°, with 6 from 0° to 360°
- Cut 8 =90°, with ¢ from 0° to 360°
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While the implementation of this concept is relatively simple for the PNF case, the SNF
counterpart is geometrically more complex. The added complexity lies in the fact that the direction
of the unit vectors at each point on a sphere are dependent on the position on the sphere itself. The
problem to solve can be stated as follow: Provided with orthogonal cuts of the NF measured
tangential E-field on a measurement sphere, estimate the tangential field at any other points on

that same sphere.

Not all three orthogonal cuts are required to interpolate a point. A balance has to be
established between the time needed to acquire the cuts and the precision of the interpolation; the
accuracy is expected to increase with more cuts. At a minimum two cuts are required to interpolate
a point; if more are available then some form of averaging must be performed to accommodate the
results obtained from every possible combination of interpolation pairs. The function that
interpolates the fields at a point using measured points is called the interpolation function. That
function must ensure that, as the interpolated point tends towards a measured point, the
interpolated value converges to the known value. The three interpolation functions studied in this
work are described in the Sections 5.5.2, 5.5.3 and 5.5.4 respectively. The first two methods use
linear interpolation, while the third method uses the spherical wave expansion itself to provide pre-
conditioning. The mathematical expressions underlying of the first two linear interpolation methods

is provided in Appendix E.

In this work, and for the three methods, only two cuts are used: the longitudinal cuts at ¢ =
0° and at ¢ = 90°. By selecting this minimum numbers of cuts, an interpolation is possible with
minimal amount of acquisition time, as the acquisition of a cut is of course taking some time. The
longitudinal cuts are preferred here for the sole reason that they are more natural to deal with data

array operations; they are both at fixed ¢, which is two rows in the 8-¢ array.

The resulting effect of the NF pre-conditioning on the performances of the adaptive

algorithm is described in Chapter 6.
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5.5.2 - Method #1 : Component Interpolation

The first interpolation function is a linear interpolation of each component

(Einterp interp

0 Ey )directly from the components of the known points, (E;, E(},) and (Eg,E(f,)

respectively . That is, the component Eénterp is linearly interpolated from E; and Eg, and similarly,

Einterp

p is interpolated from Ej, and EZ. Note that the two known points and the interpolated point

are all along the same latitude on the measurement sphere. The linear interpolation is a function, in

this case, of the position in ¢ between the two measured points.

5.5.3 - Method #2 : Projection Interpolation

The second interpolation function starts by transforming each spherical component of both

known points, (E(}, E(},) and (Eg, E(f,) respectively, to Cartesian components. Then, the Cartesian

interp pinterp rpinterp
E;"P B E,

components of the interpolated point ( ) are linearly interpolated from the

interp
Ex

respective Cartesian component of the known point. Thus, is a linear interpolation based on

El and EZ; a similar operation is applied for Eji,"terp and EM***™P When the Cartesian interpolation

of the interpolated point are known (

inter inter, inter . . .
E;PESPE,"P), a projection onto spherical

components is performed to retrieve ( E;;nterp, Eénterp, Eé,nterp). Note that the projection must take

in account which point is being interpolated since, as mentioned, the unit vectors change direction

will result when using

. inter
as we move on the sphere. Also, generally a small radial component E, p

this technique. In this case we simply set it to zero. It is believed that this fact will introduce an
inherent systematic error, which will be the largest along the equator at equal distances from the

known points.

5.5.4 - Method #3 : Spherical Wave Expansion Interpolation

This third method is different from the previous two; instead of using linear interpolation it

uses using spherical wave expansion properties. As previously mentioned, the longitudinal cuts are

49



acquired on a NF grid set to zero; the size of the grid being set by the maximal radial extent (MRE)
of the AUT. From SWE theory, the sharp spatial discontinuities from the finite field to the null points
needs a very large numbers of modes to represents this state. This is analogous to the spectral
representation of a square-wave in time. By using only a relatively small number of low order
modes, we eliminate the non-physical propagating fields from the solution, thus smoothing the NF
array. The numbers of modes to use is dictated by the maximum radial extent (MRE) of the AUT. A
relation exists between the physical size of the antenna and the numbers of modes that will
propagate. This method is the equivalent of applying a low-pass filter on the spectral expansion of

spherical waves.

5.6 - Concluding Remarks

The chapter began by defining the software framework needed to study, in simulation, the
adaptive acquisition algorithm. That code enables us to perform simulations on each concept of
adaptive acquisition algorithm independently. Some timing tests were performed against this
framework to validate its use for adaptive acquisition work. It appears to be efficient enough to
continue conducting work with it. Three acquisition rules were then defined: Highest samples first,
increasing cap and guided threshold. Four decision functions were defined. Based on the absolute
directivity, the delta directivity, the pattern error and/or the side lobe directivity, we will halt the
acquisition. These acquisition rules and decision functions will be studied using the software

framework in the next chapter.
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Chapter 6 - Simulation Results and Physical Implementation

With the suggested technique and the tools devised, the adaptive algorithm is here applied
to some NF datasets. These datasets were obtained from actual antenna measurements. As
mentioned in Section 5.2, in this study we use datasets acquired over complete measurement
spheres, and then emulate the acquisition of adaptive acquisition maps in software by selecting the
datapoints picked by the acquisition rule. In practice the complete sphere datasets would not
actually be acquired, and only those points identified by the acquisition map as the algorithm

progresses would be sampled.

Section 6.1 gives a brief overview of the antennas used for assessment of the adaptive
algorithm. The FF and the NF data arrays are also presented. In Section 6.2 the NF pre-conditioning
is studied and the reason for using this technique is explained. The acquisition rules are compared
for the various AUTs in Section 6.3. Section 6.4 deals with the comparison of the four decision
functions. Finally, Section 6.5 summarises the conclusions of the above study and describes the

physical implementation of the adaptive SNF technique that followed.

6.1 - AUT Presentation

In this chapter, when we will refer to a particular antenna, the antenna’s acronym

designation will be used (i.e. FAN, ISO, BSA or SGH).

Antenna Type Frequency of | AUT Size Directivity Sidelobe Level
Designation Operation Relative to Main
Lobe

FAN Fan Beam 3.3 GHz 24AX6.2A 17.34 dBi -6.32 dB
ISO Isoflux 14.15 GHz 6.1Ax6.1A 6.98 dBi -0.02 dB

(Not a Sidelobe proper)
BSA Base Station 1.705 GHz 23Ax8.1A 20.65 dBi -15.54 dB
SGH Standard 8.2 GHz 39Ax53A 21.55 dBi -9.88 dB

Gain Horn

TABLE 1 - AUT CONSIDERED IN THIS WORK

The next subsections briefly present the AUT NF and FF patterns on a spherical grid (either
B-¢ or azimuth-elevation), as well as some comments on the reasons for the selection of these

particular antennas.
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6.1.1 - Fan Beam Antenna

The fan beam antenna NF data was acquired with the antenna field maximum pointing
towards the North Pole of the measurement sphere. This antenna is a Class #1 type antenna
according to the classification used in Section 4.4. Its NF data is shown in Figure 17 as a function of
(6, @) over the complete sphere. By ‘normalised energy’ we actually simply mean the amplitude of
the tangential electric field. After NF-to-FF transformation using NSI2000 we obtain the results

shown in Figure 18. The wider beamwidth (of the ‘fan’) occurs in the azimuth plane.

.
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FIGURE 17 - FAN BEAM ANTENNA NF PATTERN
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6.1.2 - Isoflux Antenna

The isoflux antenna NF data was acquired with the antenna mechanical boresight pointing
towards the North Pole of the measurement sphere, but its main lobe maximum lies on a ring
surrounding this direction. This antenna is a Class#3 type antenna according to the classification
used in Section 4.4. Its NF data is shown in Figure 19 as a function of (6, ¢) over the complete

sphere. After NF-to-FF transformation using NSI2000 we obtain the results shown in Figure 20.

Normalized Energy NF Acquisition Map
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FIGURE 19 - ISOFLUX ANTENNA NF PATTERN
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FIGURE 20 - ISOFLUX ANTENNA FF PATTERN
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6.1.3 - Base Station Antenna

The base station antenna NF data was acquired with the antenna field maximum pointing
away from North Pole direction. The main beam is shifted to -10 degrees in elevation and + 25
degrees in azimuth. This antenna is a Class#2 type antenna according to the classification used in
Section 4.4. Its NF data is shown in Figure 21 as a function of (6, ¢) over the complete sphere. After

NF-to-FF transformation using NSI2000 we obtain the results shown in Figure 22.

lized Energy NF Acquisition Map
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FIGURE 21 - BASE STATION ANTENNA NF PATTERN
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FIGURE 22 — BASE STATION ANTENNA FF PATTERN
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6.2 - NF Pre-Conditioning Study

We next examine the impact of NF pre-conditioning using Methods #1 to #3, as presented
in Sections 5.5.2 to 5.5.4, respectively. First, since Method #1 and #2 both use linear interpolation,
we compare these two methods in Section 6.2.1. We use the FAN AUT as a test case to compare
these first two methods. The foundations for Method #1 and #2 are described in Section 5.5 and in
Appendix E. It was discovered that the truncation of the radial component that is necessary in

Method #2 introduces an inherent amplitude error; this is illustrated in Section 6.2.2.

In Section 6.2.3, Method #3, which uses a SWE approach to perform pre-conditioning, is
studied. Since this method gave poor results with the BSA, the method was assessed using a

supplemental standard gain horn to validate the obtained results.

Section 6.2.4 provides some conclusions as to why pre-conditioning should be used, and

which of the above methods is preferred, irrespective of the decision function used.

6.2.1 - Comparison of the Linear Interpolation Methods for Pre-Conditioning

The FAN antenna, whose NF pattern is presented in Figure 17, is acquired without NF pre-
conditioning, using Method #1 and using Method #2. To compare the quality of the interpolation on
the spherical grid, an error function is defined between the exact NF and the interpolated NF at

every point in space; the expression*” used is

|52t (6, 0))| — |Ex ™ (85, ®))|
|EXF (60 0]

fNFermr(Hi:(pj) = (6.1)

FNFerror =10 longFerror (62)

where,

12 Note that this is merely being used to assess the effectiveness of the pre-conditioning methods. This is not a
decision function in the sense of Section 4.5.
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|ERF* (60, 9))| = |JngaCt(9i:(Pj)2 + EgX % (0;, 0)?

B (0, 9))| = ’\/ Eg"P (8, 9)) + BT (0, 9))?

Using these expressions, Figure 23 and Figure 24 were produced, respectively for pre-conditioning
using Methods #1 and #2. Plots (a) in each case represent the interpolated electric field amplitude
using pre-conditioning. Plots (b) show the actual acquired electric field amplitude. Plots (c) show

Fyg,,,,, determined from expression (6.2) in decibel.

We can see for both methods that the region where the largest NF amplitudes (“hot spots”)
are located are reasonably well approximated. Looking at both methods’ amplitude error, we can
see the fact that there is no amplitude error when ¢ is fixed to 0° and 90° (the error is —co dB); this
is expected since these two cuts are actual acquired values needed to carry out the pre-
conditioning. When we look at the Method #2 amplitude error plot, we see that when 8 is fixed to
0°, the North Pole, a very low error is present. This is desirable since the pole should be a single
vector value — the pole being a single point in space. As we can see, this is not the case for Method
#1, where an error is present all along 6=0°. Thus at the pole, Method #2 is better than Method #1
since it gives a single vector, which is not the case for Method #1. Note that this effect is inherent to

the interpolation method.
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Interpolation Comparison - Energy
Interpolated Energy [dB]
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FIGURE 23 — NF PRE-CONDITIONING METHOD #1 AMPLITUDE COMPARISON. A) INTERPOLATED NF ELECTRIC
FIELD AMPLITUDE USING METHOD #1, B) ELECTRIC FIELD AMPLITUDE OF THE ACTUAL ACQUIRED NF DATA,
C) ERROR FUNCTION DEFINED IN EXPRESSION (6.2)

57



Interpolation Comparison - Energy
Interpolated Energy [dB]
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FIGURE 24 - NF PRE-CONDITIONING METHOD #2 AMPLITUDE COMPARISON. A) INTERPOLATED NF ELECTRIC
FIELD AMPLITUDE USING METHOD #2, B) ELECTRIC FIELD AMPLITUDE OF THE ACTUAL ACQUIRED NF DATA,
C) ERROR FUNCTION DEFINED IN EXPRESSION (6.2)
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6.2.2 - Comparative Behavior of Pre-Conditioning Methods #1 and #2 in the Adaptive SNF
Algorithm

We next examine the behaviour of the four different decision functions (directivity, change
in directivity, maximum pattern error and first side lobe directivity) as the FAN NF data is acquired.
It is important to note that the samples acquired from the orthogonal cuts are not counted when
computing the percentage of the measurement sphere for the FAN and the SGH. Adding these
points will increase the numbers we will later quote by at most 5% of the measurement sphere. The
sample count for the BSA does account for the orthogonal cuts. As seen in Figure 25, all three
approaches® show convergence towards the same final directivity value. Also, we see that even
after only a small portion of the measurement sphere is acquired, the directivity computed with NF

pre-conditioning used is much closer to its final value than without pre-conditioning.

The convergence is similar in Figure 26, where we also see fewer erratic changes from

iteration to iteration when pre-conditioning is employed.

Instead of looking directly at patterns between each iteration, we can have a global
overview of the patterns in Figure 27 by looking at the maximum error. We see that when using no
pre-conditioning we have the fastest convergence to the final pattern, but the difference is not

significant. It is not clear why this is so.

Another interesting parameter to examine is the first side lobe level relative to the main
beam level, as presented in Figure 28. The values obtained with pre-conditioning used are more

stable and closer to the final value than without pre-conditioning.

Generally the pre-conditioning Method #2 produces more stable values for main beam

directivity and the side lobe levels, when compared to Method #1, or without pre-conditioning.

B No pre-conditioning (“No Cond”), pre-conditioning using the first method (“Method 1”), and pre-
conditioning using the second method (“Method 2”).
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6.2.3 - Pre-Conditioned Inherent Amplitude Error

As briefly mentioned previously, pre-conditioning Method #2 introduces an inherent
amplitude error. This is the case since generally a radial component of the electric field is created
when interpolating Cartesian components and projecting them back to spherical components. To
assess this error, an artificial NF data array was processed through the NF pre-conditioning

algorithms Method #1 and Method #2. This artificial NF data array is filled with unit amplitude field

values with a phase of 45°, namely (1 +j)/\/§ at each NF data point.

A pre-conditioning algorithm that doesn’t create any amplitude error should interpolate
perfectly this artificially generated NF data array since it's the same value at each point. From Figure

29 we clearly see that Method #2 creates the expected amplitude error.

Note that the NF pre-conditioning Method #1 results for the artificial NF data array is not
shown, since this pre-conditioning method does not introduce any amplitude error (hence any plot

is unremarkable).
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Interpolation Comparison - Energy
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FIGURE 29 — NF PRE-CONDITIONING STUDY OF METHOD #2 USING THE ARTIFICIALLY GENERATED NF DATA
ARRAY. A) INTERPOLATED NF ELECTRIC FIELD AMPLITUDE USING METHOD #2, B) ELECTRIC FIELD AMPLITUDE
OF THE ACTUAL ACQUIRED NF DATA, C) ERROR FUNCTION DEFINED IN EXPRESSION (6.2)
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6.2.4 - SWE Interpolation (Method #3)

The concept presented in Section 5.5.4 is here applied to a BSA in order to determine the
effectiveness of this pre-conditioning function. To do so, the two orthogonal cuts are acquired, the
function is applied and the pre-conditioned fields are assessed using (6.2). As we can see in Figure
30, this method cannot properly locate the highest amplitude fields on the grid. This method

therefore server us little as the goal is to approximate the fields as best as possible from two cuts.

To further support this last statement, the evolution of the directivity and the maximum
pattern error for the BSA and the SGH is assessed using no pre-conditioning, using linear

interpolation Method #1 pre-conditioning, and using SWE Method #3 pre-conditioning.

As seen in Figure 31, Method #3 gives a similar curve shape to that of acquisition without
any pre-conditioning. Since two initial orthogonal cuts were acquired for the pre-conditioning
method to be possible, the performance for Method #3 is worse than the acquisition without pre-
conditioning. It is clear from this figure that Method #1 is beneficial to the acquisition and that

Method #3 is detrimental.

When we look at Figure 32, there is little difference in pattern error between the acquisition
without pre-conditioning, the acquisition using Method #1 and the acquisition using Method #3.

Therefore in this case the patterns are evolving at similar rate for all three methods.

We next look at the evolution for a different AUT, namely the SGH. Note that the
acquisition for this AUT stops at 50%. This is so since only half of the measurement sphere was
acquired in the SNF facility. By looking at Figure 33, we clearly see that the linear interpolation
(Method #1) is giving a value much closer to the final value than when no pre-conditioning or when
Method #3 is used. Method #3 follows closely the evolution of the acquisition without pre-

conditioning.

As seen in Figure 34, in this case the AUT radiation pattern is settling faster using Method

#1. Using no pre-conditioning or using Method #3 seems to make little difference.

Looking at these results, we can state with confidence that SWE pre-conditioning Method
#3 is not beneficial to the acquisition, in some cases is in fact detrimental, and that therefore this

method of pre-conditioning will not be studied further.
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NF amp from SWE - POL 1

FIGURE 30 - NF PRE-CONDITIONING METHOD #3 AMPLITUDE COMPARISON. A) INTERPOLATED NF
ELECTRICAL FIELD AMPLITUDE USING METHOD #3, B) ELECTRICAL FIELD AMPLITUDE OF THE ACTUAL
ACQUIRED NF DATA, C) ERROR FUNCTION DEFINED IN EXPRESSIONT (6.2)
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6.2.5 - Conclusion on the Usage of NF Pre-Conditioning

In light of what has been observed in Sections 6.2.1, 6.2.2 and 6.2.3, we can draw some
conclusions on the usage of pre-conditioning. Since Method #3 was discarded as a valid pre-
conditioning function in Section 6.2.3, we now have to choose between Method #1 and Method #2,
which both use linear interpolation. In the two cases the decision function values using pre-
conditioning are usually closer to their final values than when pre-conditioning is not used. This
latter fact might help for automated decision functions and will help to get a faster convergence.
Thus the usage of pre-conditioning is recommended. Also, some acquisition rules might benefit
from the knowledge of the main beam position in space for an antenna pointing away from North
Pole, and this knowledge can be estimated from pre-conditioning. By looking at the differences
between Method #1 and Method #2, we see that Method #2 provides values closer to the final
value than Method #1 for the specific case examined. But, by looking at the inherent amplitude
error, one could doubt the true value of this method in general. For that reason NF pre-conditioning
with Method #1 is seen as more robust and will be used through the rest of this work to extract

results for decision functions and acquisition rules.

6.3 - Acquisition Rule Comparison

To compare the acquisition rules defined in Section 5.3, we use the three AUTs selected
(FAN, ISO and BSA) and perform sampling using acquisition rule #0 (Highest Samples First), #1
(Increasing Cap) and #2 (Guided Threshold). Then the results are compared using the four decision
functions (main beam directivity, delta directivity of main beam, maximum pattern error and the
side lobe level) described in Section 5.4. The various acquisition rules are plotted against the

percentage of acquired measurement sphere.

6.3.1 - Fan Beam Antenna Acquisition Rule Comparison

Looking at the directivity results for the FAN, as seen Figure 35, we see first that all three

acquisition rules converge to the final value of 17.3 dBi. Also, all three rules have the ability to
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acquire the complete measurement sphere in the event the decision function “tells us” to do so, as
required by the design guide lines for acquisition rules. We must also note for every decision
function that acquisition rule #2 starts “later” as its first iteration acquires a good portion of the
measurement sphere, as explained in Section 5.3.3. Acquisition rule #2 converges the fastest (i.e. in
the fewest iterations). But the difference is small compared to acquisition rules #1 and #0, and thus
it is difficult to clearly state that one rule is superior to the others. We note that acquisition rule #0
does not in fact function as a lower bound , which runs counter to what we expected when defining
it in Section 5.3, and is likely due to the use of NF pre-conditioning™. Acquisition rule #0 converge
sat 41% of the full measurement sphere, acquisition rule #1 at 36% of the measurement sphere,

and acquisition rule #2 at 39%.

We can see similar behavior by looking at the delta directivity in Figure 36, but this time the
plot is more erratic and thus would not be useful for automated decision-taking. More will be said

on this last point in Section 6.4.

Looking at the maximum pattern error (Figure 37), we see that after 40% of the sphere has
been sampled the maximum pattern error for all three acquisition rules is still decreasing. When
less than half the measurement sphere has been acquired acquisition rule #0 is converging faster
towards the final pattern, but it stays “longer” with some small errors until it drops sharply when
over 80% of the measurement sphere has been acquired. At some point acquisition rule #1 and #2
are giving patterns with less error than acquisition rule #0, with similar numbers of samples. If a
maximum pattern error decision function threshold of -40dB is selected, then acquisition rule #0
would take 73% of the measurement sphere to reach it, acquisition rule #1 would take 58%, and

acquisition rule #2 would take approximately 72%.

When the side lobe level is required, acquisition rule #2 exhibits faster convergence towards
the final level, as seen in Figure 38. If an error of 0.1 dB is used for the side lobe level, then
acquisition rule #0 requires 37% of measurement sphere, acquisition rule #1 need 44%, and

acquisition rule #2 only 22%.

14 . . . . e . .
Nevertheless, we will continue to show results using acquisition rule#0 in the sections to follow.
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6.3.2 - Isoflux Antenna Acquisition Rule Comparison

For the ISO antenna directivity in Figure 39, we see that all three acquisition rules converge
to the final expected value of 6.98 dBi. While acquisition rule #0 converges faster towards the final
value for a small number of samples, at 45% of the measurement sphere all three acquisition rules
are indistinguishable. Since this antenna has a low directivity, acquisition rule #2 must acquire a
large portion of the measurement sphere as its initial iteration; thus it starts iterating at 43% of
measurement sphere. If the final directivity is to be determined to a tolerance of +0.1 dB,
acquisition rule #0 would need 42% of measurement sphere to reach the final directivity, the
acquisition rule #1 takes 44%, and acquisition rule #2 takes 43%. Indeed in this case the first

iteration of acquisition rule #2 was enough to obtain the final directivity to within 0.1 dB.

In Figure 40 we see the delta directivity for the ISO antenna. After 50% of the measurement
sphere has been acquired the results for all three acquisition rules do not vary by much. This

suggests that the final directivity value has been reached.

The maximum pattern error, as seen in Figure 41, is very similar in behaviour for all three
acquisition rules. If a threshold of -40 dB is set for this decision function, then acquisition rule #0
would halt at 61%, acquisition rule #1 at 61%, and acquisition rule #2 at 62% of the measurement

sphere. Thus no one acquisition rule offers a significant advantage over the other here.

The side lobe level is shown in Figure 42. Here we can clearly see that acquisition rule #0
has a convergence towards the final value a lot faster than the two other acquisition rules. We see
that acquisition rule #1 needs to reach across the side lobe position in the NF array to start
converging towards the final value. Here acquisition rule #2 doesn't provide much information as its

first iteration already includes the first side lobe completely. Hence no evolution takes place.
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6.3.3 - Base Station Antenna Acquisition Rule Comparison

The interesting characteristic of the BSA antenna is that it’s a non-North Pole pointing
antenna. This fact presents an interesting case for the acquisition rules devised here, since they all
start at the North Pole. The acquisition rule #2 threshold was set high enough so the algorithm can
actually “jump” across the initial gap and reach the main beam. We will show the acquisition
progress for this acquisition rule #2 in a little more detail before continuing with the comparison of
the three rules. This evolution is presented in Figure 43. The detailed acquisition information is

presented at iteration numbers 2, 5 and 11. For each iteration the following figures are plotted:

A) The NF Acquisition Map: This surface plot is the E-field amplitude at each point on the

measurement sphere. The amplitude is presented in decibels and is normalized to the NF
peak value.

B) Normalized CoPol FF: The co-polarized FF based on the NF samples acquired is presented.

The amplitude is normalized to the FF peak value. Note that this plot presents the 3D FF
pattern of the antenna in AZ-EL fashion.

C) Azimuth CoPol Cut and Error Function: Instead of looking at 3D plots, here we present the

AZ cut of the FF. The cuts (both AZ and EL cuts) are passing through the peak of the FF, in
this case at AZ = +25° and EL = -10°. The cut from the error function is presented as well.
From that error cut we can see that the pattern error diminish as the acquisition goes.

D) Elevation CoPol Cut and Error Function: Similar to the plot C), we present the FF co-

polarized cut and the error function cut for elevation.
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By looking at Figure 44, we again appreciate the fact that all three acquisition rules are
converging towards a same value of 20.65 dBi. Here we clearly see the advantage of acquisition rule
#2 over acquisition rule #1. With the initial iteration, the acquisition rule #2 is already very close to
the final value, and with less than 25% of the measurement sphere acquired the directivity is within
40.1 dB of the final value. Acquisition rule #1 takes 38% of the measurement sphere to be within
that same range. Acquisition rule #0 does slightly better than acquisition rule #2 by converging in
22% of the measurement sphere. Since acquisition rule #1 is an increasing cap, it is interesting to
see the peak in directivity when the acquisition rule samples the region of the main beam. Refer to

Figure 21 to recall the NF pattern of the BSA antenna.

Looking at the delta directivity in Figure 45, it is difficult to clearly identify a halting point,
since the function is very oscillatory for acquisition rule #0 and #1. Nonetheless, after 35% of the
measurement sphere for all three acquisition rules we see that the directivity is stable enough to

stop the acquisition.

The maximum pattern error for this antenna is more difficult to interpret that for the FAN
antenna and the ISO antenna. The curves are different for the three acquisition rules. If the selected
threshold of the decision function is set to -40 dB, the acquisition rule #0 would stop at 79%, the
acquisition rule #1 at 61% and acquisition rule #2 at 74% of the measurement sphere. As one can
see in this case, if another threshold was selected, the order from the fastest convergence to the

slowest would be different.

The difference in acquisition rules is much more pronounced when looking at side lobe
level, as seen in Figure 47. Acquisition rule #0 reaches within 0.1 dB of the final value of the side
lobe level at 52%, acquisition rule #1 at 26%, and acquisition rule #2 at 34% of the measurement
sphere. Hence here the acquisition rule #1 reaches the final value the fastest. The reason being that

the side lobe is well located for acquisition rule #1 to go over it quickly.
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6.3.4 - Compiled Results and Comments on Acquisition Rules Studied

To compare the various acquisition rules against the three antennas tested, the results were
compiled in Table 2 to put into perspective what has been written so far in Section 6.3. Recall that

the selected decision functions were :

- Main beam absolute directivity within +0.1 dB of the final directivity after oscillation, if any.

- Delta directivity less than 0.1dB. Unused for decision function, more will be said on that
point in Section 6.4.

- Maximum pattern error of less than -40 dB between iterations.

- Side lobe directivity within +0.1 dB of the final value after oscillations, if any.

The Table 2 is filled with the percentage of the measurement sphere acquired when a
particular acquisition rule reaches the decision function criterion. A coloring scheme outlines which

of the three acquisition rules perform better for an antenna using a specific decision function.

Directivity Delta Maximum Side Lobe
Within 10.1 Directivity Pattern Error Directivity
dB -40 dB Within +0.1
dB

FAN —Rule 0 41% * 73% 37%
FAN —Rule 1 36% * 58% 44%
FAN - Rule 2 39% * 72% 22%
ISO —Rule 0 42% * 61% 14%
ISO—-Rule1 44% * 61% 35%
ISO —Rule 2 43% * 62% 43%
BS —Rule 0 22% * 79% 52%
BS —Rule 1 38% * 61% 26%
BS — Rule 2 25% * 74% 34%

TABLE 2 - PERCENTAGE OF MEASUREMENT SPHERE TO REACH THE DECISION FUNCTION FOR FAN, ISO AND
BS ANTENNAS ACQUIRED USING RULE #0, #1 AND #2
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Looking at the FAN antenna, it is clear that the acquisition rule #0 in this case is the worst
choice for fast convergence; the absolute directivity and pattern error were the slowest to converge
and the side lobe directivity is in 2 place. Acquisition rule #1, on the other hand, offers the best
performance. It takes slightly more than a third of the measurement sphere to obtain the final
directivity value and slightly more than half the sphere to get a pattern with maximum error less

than -40dB.

For the ISO antenna, this time acquisition rule #0 is clearly the best choice one can make.
For every decision function this acquisition rule is the fastest to converge, but of course it is not a
practical scheme. Note that the difference is marginal between all three acquisition rules when we
look at the absolute directivity. The difference is also marginal for the maximum pattern error. For
side lobe level, acquisition rule #1 is certainly not the best choice, but we can scarcely reach

conclusions about acquisition rule #2 since its first iteration already includes the side lobe.

The BSA antenna, which is a non-North Pole pointing antenna, seems to be best acquired by
acquisition rule #1. It is true that this acquisition rule takes more time to converge for the absolute
directivity but the advantage is clear when we look at the maximum pattern error and the side lobe

level. Acquisition rule #2 is second with good values for all decision functions.
With the above information from the three AUTs few points can be made:

e For absolute directivity measurement, in the three cases presented, acquisition rule #2
gives good results, even when the main beam is pointing slightly away from North Pole.

e For an antenna pointing at the North Pole, the performance between one acquisition rule
and another is marginal for the absolute directivity decision function.

e When the side lobe level decision function is used the position of the side lobe region on
the measurement sphere, and when in the iteration cycle acquisition traverses the side lobe
region (on the NF sphere), has an influence. In future work it might be interesting to try to
isolate the acquisition of the side lobe independently of the main beam. Then, if the side
lobe level is the criterion of interest and its position on the NF sphere is known, one could
acquire this sector to exhibit fast convergence for this decision function.

e With the non-North Pole pointing antenna, the selection of acquisition rule seems to be

more critical for directivity measurement.
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These points having been made, it is possible to say that while the improvement is not
significant, acquisition rule #2 seems the best suited acquisition rule for a wide variety of AUT. This
acquisition rule provides fair results for antennas which are pointing towards the North Pole or

slightly shifted away from it.

Note that the shift away from the North Pole must not be too great for acquisition rule #2
to operate. Recall that this acquisition rule’s first iteration starts at North Pole and scans in 6 until a
threshold is reached. If the main beam is shifted far away from the North Pole and the field
amplitude at the pole is below the threshold, the initial iteration for acquisition rule #2 will only
acquire the sample at the pole. Subsequent iterations will acquire bands of samples, and thus the
acquisition rule #2 will behave just like acquisition rule #1. It is a good thing to have an acquisition
rule that will work irrespective of the starting conditions. Now one could ask why not simply
increase the threshold to a greater value in this case? If the threshold is too high, a very large
portion of the measurement sphere will be acquired during the first iteration, thus making the

adaptive algorithm irrelevant since already most of the measurement sphere will be sampled.

Part of the difficulty with acquisition rule #2 is the selection of the threshold value for the
initial iteration. Without having additional knowledge about the AUT, it is difficult to choose an
appropriate threshold. If the threshold is too low, no ‘privileged’ direction will be selected and
hence, as stated, acquisition rule #2 will behave just like acquisition rule #1. For that reason when

little is known about the AUT, one should use acquisition rule #1.

An AUT with low gain pointing at the North Pole won’t benefit by being acquired with
acquisition rule #2. Acquisition rule #1 will suffice since low gain pattern does not present a
‘privileged’ direction in space. In the event that a low gain antenna is pointing away from North Pole
but a good portion of energy is still radiated through the pole, it might be beneficial to use
acquisition rule #2. While the first iteration might already acquire all the necessary points for

satisfying the selected accuracy, only a small number of unnecessary samples will be acquired.

An AUT with high gain pointing at the North Pole should benefit from being acquired with
acquisition rule #2. Since high gain is synonymous with fast variation in space, the NF pattern of the
AUT can have various shapes; which can benefit from being acquired using a shaped acquisition
map. In the case of a high gain antenna pointing far away from the pole acquisition rule #2 won’t

work as it should. It might again behave just like acquisition rule #1. In this case, one should use the
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information of the location of the main beam found by the NF pre-conditioning as a starting point

for a new acquisition rule to take care of that case.

6.4 - Decision Function Study

We now comment on the four decision functions chosen and their quality for automated
decision taking. The principal quality sought is the ability to take unambiguous decision for a

selected accuracy.

Absolute directivity seems like a good parameter to observe. In many cases the slope of this
decision function is either positive or negative; it does not oscillate towards the final value, which
simplifies the decision taking. One could combine the absolute directivity decision with the delta
directivity. That way it is possible to look for a slope direction change in directivity, and the value of
the slope. This was not implemented as a decision function in this work, but it might be of interest

for future work.

Delta directivity alone is a poor parameter to monitor. In general it’s highly unstable and
oscillatory, as it’s the derivative of the directivity, and therefore very difficult to use for automated
decision taking. For this reason, in Section 6.3, this parameter was left unused since it would give
less meaningful results. Although the delta directivity is hardly usable for automated algorithm, it
can give useful information to an intelligent operator if it’s provided during the acquisition in

conjunction with the other decision functions.

Maximum pattern error is interesting for automated decision taking even though the value
can be slightly oscillatory during the acquisition. By selecting an appropriate threshold, say -30 dB, -
40 dB or even -60 dB, one can ensure that the overall FF pattern doesn't change more than the
selected value. Currently the maximum pattern error is implemented for the complete 3D FF. If only

a sector of interest is required, one can only look at the pattern error over that sector.

While for side lobe level it’s hard to tell which acquisition rule is best suited to converge the
fastest, this decision function criterion seems well suited for automated decision taking. In general

the slope is either positive or negative. We have noted that the convergence is a function of the
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position in space of the side lobe. Therefore one should be knowledgeable of how far the side lobe

is from the North Pole before using this decision function.

6.5 - Realisation of a Practical Adaptive SNF System

6.5.1 - Summary of Findings on Pre-Conditioning, Acquisition Rules and Decision Function

Out of the three acquisition rule proposed, it was found that in absence of additional
information about the AUT, one should rely on the increasing polar cap (acquisition rule #1) to
perform adaptive acquisition. This rule complies with all the guidelines presented in Chapter 4. Also,
if the decision function never tells the adaptive algorithm to halt the acquisition, this acquisition
rule will acquire the complete measurement sphere; which is equivalent to the current adopted

practice. This later fact can be seen as a reassuring point by SNF practitioners.

Some decision functions based on FF parameters of the AUT were studied as a mean to
automatically tell the adaptive process that the acquisition should halt. It was found the directivity
and the maximum pattern error seems to be good indicators of the completion of the process,

while the directivity change and the side lobe level being weaker indicators.

The spherical interpolation of tangential field to the measurement sphere using orthogonal
cuts is a topic of interest to get better approximation of the NF array for pre-conditioning. Three
methods were implemented using linear interpolation of spherical components, using linear
interpolation of Cartesian components, and using spherical wave expansion. It was found that the
SWE method was a poor approach and that linear interpolation using spherical components is the

best for NF pre-conditioning.

6.5.2 - Physical Implementation

In order to deliver the concepts presented in this work to the users, an implementation was

developed for the DFL" facilities. A user interface to enable the selection of acquisition rules, the

' David Florida Laboratory, part of Canadian Space Agency, Ottawa, Canada
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decision functions used and the use, or not, of NF pre-conditioning was created. The finding of

Section 6.5.1 are ported to this implementation. The input interface, which can be seen in Figure

48, has a sequential flow. Instead of starting the acquisition with NSI2000, the implementation

shows a form asking for inputs in the following way:

1-

Prior to starting the adaptive acquisition application, set NSI2000 parameters for the
acquisition (e.g. setting the frequencies, the probe distance to the AUT, steps in 6 and ¢,
etc.).
Determine which acquisition rule to use. Only acquisition rule #1 is integrated currently; as
no other studied acquisition rule were found to be useful, as described in Section 6.3.4.
Choose to go with manual or automated decision functions. If the manual option is
selected, the user must halt the acquisition when he thinks enough information has been
obtained. If the automated option is preferred, then the script checks at each iteration to
see if the criteria are met, and if so stops the acquisition.
The decision function criteria are to be chosen by the user. The parameters of each decision
function can be set by the user:

a. The maximal directivity within a certain value for n iteration(s).

b. The change in directivity being lower than a certain value for n iteration(s).

c. The maximum pattern error being lower than a certain value for n iteration(s).
The NF pre-conditioning can be selected at will by the user. As already discussed the pre-
conditioning takes more time to acquire the required cuts, but might settle some
parameters faster. The interpolation function used is the linear interpolation method #1 for
reasons presented in Section 6.2.
The user launches the adaptive acquisition, and if the form is properly filled the adaptive

acquisition starts.
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FIGURE 48 - NSI12000 INPUT INTERFACE FOR ADAPTIVE ACQUISITION CONFIGURATION

If the user has selected pre-conditioning, the set-up then starts acquiring the two orthogonal cuts
that are necessary to perform interpolation. The acquisition then acquires datapoints in accordance
with acquisition rule #1. Between each rings acquired, the FF is computed and the parameters of
interests are devised; thus each new ring is defined as an iteration. Portraits of the fields and the
derived parameters are presented to the user via a Matlab interface and via the usual NSI2000
plots. The Matlab output display is presented in Figure 49. This window presents the normalised NF
B- and ¢-polarization plots, the normalised co-polarized FF as well as the directivity and the

maximum pattern error evolution.
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FIGURE 49 - MATLAB DISPLAY INTERFACE ON AN ADAPTIVE ON-GOING ACQUISITION

Then, if the automated mode is selected, at each iteration the chosen decision function(s), is (are)
computed. If a parameter is satisfied, then the acquisition is halted and the user is notified with the
final directivity, the last directivity change between iteration and the last maximal pattern error

value.

It is also possible for the user to replay the acquisition evolution on the Matlab interface as

at each iteration the arrays (NF 6-polarisation, NF ¢-polarisation and the co-polarised FF) are saved.
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6.6 - Concluding Remarks

In this chapter we presented the simulation study done on the fundamentals concepts of
adaptive acquisition algorithm. The pre-conditioning study suggests that this technique is useful for
the adaptive work, as it helps FF parameters such as the directivity to converge faster towards the
final value. It was then found that in most cases the acquisition rule #1 — Increasing cap, is the best
suited for the acquisition of an AUT without having a priori knowledge about its patterns. The study
of the decision functions shed some light on the best parameters to monitor during an acquisition.
The directivity of the main beam and the maximum pattern error are both good indicators of the
progress of the acquisition. On the other hand, the delta directivity and the side lobe directivity are
both weaker indicators. From these results, a practical interface for NSI2000 implementation of the

adaptive acquisition concepts was created.
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Chapter 7 - General Conclusions

7.1 - Contributions to SNF Antenna Measurements

This work presents the study done on the simulation and implementation of adaptive
spherical near-field antenna measurement techniques in partnership with the David Florida
Laboratory'®. The usage of adaptive technique permits a test time reduction by acquiring only the
right number of sample points to compute the parameters of an antenna with the desired accuracy.
The processing power of modern computers enables the NF-to-FF computation to be done
repeatedly; the premise of this work is based on that fact. The general concept of adaptive
algorithm is defined, implemented in simulation using a software interface written between

NSI2000 and Matlab, and deployed as a user interface for physical testing.

One contribution this work brings to the near-field antenna measurements domain is the
ability to monitor the evolution of some NF and FF parameters while the acquisition is on-going.
Traditionally the test engineer is “blind” until the probe has scanned the complete measurement
sphere, which can take hours in certain cases. The ability to observe the fields as the measurements
are occurring provides the operator with a good indication on how the test is progressing. This fact
can certainly help for quick diagnosis and problem finding in SNF chambers, and might alone
warrant implementation of portions of the software developed. An interesting aspect of this work is
the ability to integrate the presented concepts without significantly modifying existing systems. No
hardware change is necessary and the software suite is developed using NSI2000 and Matlab, which

are wildly available in the SNF antenna test community.

Even though only the acquisition rule #1 was eventually physically implemented, as it was
found to be the only one well-suited for any type of AUT, this work brings a new aspect to near-field
measurement. The adaptive algorithm with this acquisition rule is worthwhile for SNF
measurements as it was shown to allow one to reduce the percentage of the measurement sphere
(with confidence) that has to be acquired. This indeed, reduces the acquisition time required to
conduct the antenna testing, which was the goal. Not only can the operator see the evolution of the

results as acquisition is happening, but also decide when the acquisition should stop. The decision

16 Spacecraft assembly, integration and testing centre operated by the Canadian Space Agency in Ottawa,
Canada
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functions allow the operator to monitor some parameters of interests and halt the acquisition as
they settle. Therefore the acquisition happens in a more controlled manner using the presented

adaptive acquisition algorithm.

To further reduce the testing time, in certain cases, it might be worthwhile to use a more
advanced acquisition rule such as acquisition rule #2. As shown, this rule requires certain
knowledge about the AUT prior to use it. Hence, a test engineer might need to scan the complete
measurement sphere before using this acquisition rule, and properly set the initial threshold. This
can serve well in a production environment where multiple comparable antennas are

manufactured.

7.2 - Future work

We now realise that a third acquisition rule (say rule #3), might be desirable. Rule #3 would
perform acquisition along the curvilinear constant angle lines on the sphere, and would be similar
to that used for adaptive PNF methods [Rens 12]. A representation of this acquisition rule is drawn
in Figure 50. However, it will be such that it will not be possible to use it with North-Pole pointing
NF data, and in fact will only work reliably if the NF data in fact points away from the North-pole by
a significant amount. It was this fact that initially discouraged us from proposing an acquisition rule
such as #3, until we realised that one simply needs to have different rules for different AUT pointing
situations. This rule also presents some difficulty in the implementation. This is due to the fact that
as the algorithm tells the probe to move closer to the pole, the “almost-square” grid present near
the equator changes to an “almost-triangular” grid near the poles. Thus from an algorithm point of
view this renders the acquisition rule difficult to implement while following the basic guide-lines
presented in Section 4.4. Also, if the probe is asked to go over the pole by the acquisition rule, a
geometrical ambiguity is present and further complicates the implementation. Some lessons may
be learned from robotics as they often have to deal with such ambiguity to control the position of

an arm.

Some more advance acquisition rule and decision function could certainly be the basis of
some extended work. The combination of two decision functions might lead to more definite

improvements in the percentage of the NF sphere that needs to be acquired. If a dynamic threshold
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value were to be used, it might be possible to get a shaped path acquisition rule such as rule #2 to

not reduce to pre-defined rules such as rule #1 in certain cases.

An irregular spherical grid where points are separated by a near-equal distance (geodesic
grid) could allow the creation of a much simpler acquisition rules as no pole singularity would be
present. However, this would not be able to make use of the SWE technique for NF-to-FF

transformation.

It might also be interesting to test and compare the effect of pre-conditioning using both
longitudinal and equatorial cuts, with three cuts being acquired. This might lead to better pre-
conditioned NF arrays, which in turn can lead to reduced test time. However, the interpolation of
vector quantities over a spherical surface using the existing longitudinal cut data along with data

from the equatorial cut would not be a simple process.
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FIGURE 50 - SKETCH REPRESENTATION OF ACQUISITION RULE #3
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Appendix A - Spherical Wave Expansion (SWE) Fundamentals

To represent fields at a point in space, one can decompose the total field into a summation
of spherical waves [Stra 41]. Analogous to Fourier series techniques, the spherical wave expansion
relies on a complex weighted summation of an orthogonal basis; the vector spherical wave
functions. The basis function is a spherical wave front with a sinusoidal variation in 8 and in ¢
related to the order (harmonic) of the wave. The higher the order of the spherical wave, the more
rapidly the amplitude will change with a variation in 6 and in ¢; the vector spherical wave function
can be viewed as a spatial frequency. Let’s now build the formulations and the relations needed to
represent the spherical wave expansion up to the topic of interest, SNF measurement. Note that
the temporal dependence e /@t is implied in this work. With this choice of temporal dependence,
the type c=3 radial functions (spherical Hankel function of 1* kind) will belong to outward
propagating mode satisfying the radiation condition at infinity. Some authors prefer to use e/®t,

therefore in this case the type c=4 radial functions will be outward propagating.

Maxwell’s equations for the fields in a medium that is linear, isotropic and homogeneous

can be written as

VxH = —jwsf +f (a.1)
and

VxE = jw,uﬁ -M (a.2)
where, W is the permeability of the medium

£ is the permittivity of the medium

In a source-free region, Maxwell’s equations imply that both EandH satisfy the vector wave

equation
Vx(VxC)—k?C=0 (a.3)

where, k is the wave number defined as k = 2771
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Being defined in spherical coordinates, a generating function can be obtained by solving the scalar

wave equation

(V2+k®f =0 (a.4)

From that generating function f, two vector functions m and 7 can be defined as

m =Vfxp (a.5)
and
n=klVxm (a.6)
with p = pp, as presented in geometry of Figure 4.

The vector wave functions m and 7 are well suited to represent electromagnetic field EandH
since they are related by curl operator. [Bouw 54] showed that in a source-free region enclosed
between two fictitious concentric spheres, only TE and TM waves to p can exist and therefore

eg.a.5 and eq.a.6 constitute a complete solution for possible fields.

[Stra 41] presents a generating function obtained from the separation of variables solution of (a.4)

® _,® m cos
. 0:0.0) =5 (ep)P cos0) (s} o) a7)

By employing this generating function, one can derive the vector wave functions m and nn as

m m sin ~
ng ™ (kp)PT(cos0) {7} (m)d

a.8
@y, 9B (cos 0) {COS}( Y (@8)

and
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where,

ﬁ(l) . n(n + 1)
: Ck
{oYomm p
4 1 dpz? (kp) O™ (cos ) {cos
kp  ap 00 sin

i cos A
2 (kp) B (cos 0) { | (mep)p

} (me)8 (.9)

sin
cos

m  0pz’ (kp)

) kpsin 6 dp

P (cos 0) {3} (me) @

{5} is the even or odd azimuthal (¢) dependence

n-index is an integer representing the polar (8) wave number
m-index is an integer representing the azimuth (¢) wave number
k is the wave number

{ }is the “top or bottom” operator to choose according to whether there is an even (top) or

odd (bottom) azimuthal (¢) dependence
P (cos 0) is the Legendre function

(/)-index represents the type of spherical Bessel function governing the radial dependence.

In such case, (i) takes a value from 1 to 4, where
zt(kp) = j,(kp), spherical Bessel function. Represents standing waves.
z2(kp) = y,(kp), spherical Neumann function. Represents standing waves.

z3(kp) = hl(kp), spherical Hankel function of 1* kind. Sufficient for outgoing

wave solution for finite source .

zt(kp) = h2(kp), spherical Hankel function of 2™ kind. Sufficient for incoming

wave solution for finite source.

It is then possible to expand the fields using spherical vector wave functions as Jone 64]
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7l _ ® — (1) ® —(1)
E(p,0,p) = ZZ(a m e +b{e} n ) (2.10)

{o}
(m n) (m n) 0)(mmn) 0)(mn)

and

Hp,6,¢0) = ——— Zz(a(z) R0 LD O
jou 4 14 (@.11)

Nee
(m n) { }(m n)

where,
a is the complex coefficient of TE waves [V/m]

b is the complex coefficient of TM waves [V/m]

[Jens 70] presents a more concise notation, as well as power normalization, for spherical

waves. In order to formulate m and 7 in this single notation, the operator fsmn is introduced. To
be consistent with [Jens 70] notation, we use the c-index instead of the j-index to represent the
Bessel function governing the radial dependence for the rest of this section. The convention is that s
= 1 denotesm, and s = 2 denotes 7. Also, for convenience, e/™? replaces {Z(Zs} (me). Thus,

FO RO g FO 5O

tmn = M nys 2mn = Nmn)- To get a power-normalized form, we define that any spherical

outgoing wave (c=3) with an amplitude of 1 radiating % [W].

This results in the power-normalized generating function being

F(0,0,0) = = (~ 1) 2 () B cos 81

2r Jntn+ )\ Iml (a.12)
where, Frllml(cos 0) is the normalized Legendre function presented by [Belo 62].
he f m ™ lized val Il as ph h f
The factor \/__\/n(nT( W) ensures power-normalized values as well as phase coherence o
the spherical harmonics defined by [Edmo 74]. Also note that we define

m m
(‘m) =1 form=0 (a.13)
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With such power-normalized generating functions, the vector spherical wave functions, now

denoted by EY and £ are

1imn 2mn

EX (0,0,0) = VES) (p,6, p)xp

1 1 ( m)m © (1 )jm}_’,lml(cose) jmog
= ——|(—-——) iz ——— e _
(_277.' /—n(n n 1) |m| n p sind (a 14)
oP ™ (cos ) .
_ Zﬁc)(kp)%em‘p(ﬁ}

and

E) (0,6,0) = k2VxES (p,6,9)

2mn 1imn
1 1 m\™|n(n+1) —Im| .
= -] {— kp)P 9)e/me 5
\2m n(n+ 1)( |m|> { kp Zn (kp)Fp ™ (cos 6)eT0P

_ (a.15)
N 1 0kpz® (kp) aP™ (cos 6)
— e

jme g
kp dkp a0

N 1 akpz,(f) (kp) jmP*(cos 6)

jme g
kp dkp sin 8 N ¢

These power-normalized spherical wave functions are dimensionless. We can write the compact

expansion of the fields as

_ k N
E@.0,0) == > QS FS(0,6,0) (2.16)
‘/—csmn
H(p,6,9) = _jk\/ﬁ Z Qs(rcr)ln F((?fzs)mn(p'e’(p) (a.17)
csmn
where Qﬁf,)m is the power-normalized complex coefficient related to a? and b{(é)}
0J)(mmn) 0J(m,n)

The relation of the complex coefficients Q to a and b is similar to the relation of fs(,fl)n to M)

(mmn) and

ﬁg&n), that is Qﬁin = agz'n) and Qéir)m = b((frin). The wave function I:"S(,fl)n being dimensionless, the
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factor in front of the summations in (a.16) and (a.17) is required to obtain watts*? unit from the

©

wave coefficient Q¢p,-

Note that in general the proper choice of ¢ must ensure a complete and orthogonal
representation of finite, continuous and single-value solutions to Maxwell’s equations in source-
free regions. For the problem under consideration (SNF measurements), the spherical waves must
satisfy radiation condition at infinity, thus c = 3. This choice is sufficient to produce a unique

solution.

It is good at this point to look at the summation notation

IEIRIIP) (2.18)

As we can see in (a.18), the number of modes required to represent the fields at a point is infinite.
But it can be shown that only a finite numbers of modes will propagate, the rest will exponentially
decay. The maximum value retained for the sum, for both m and n, are noted by the indices M and
N respectively. The summation over s, m and n is often viewed as an (m, n) coordinate on two
planes (one for s = 1 and one for s = 2). Also, we let the c-value be fixed to either c =3 orc=4
depending on the application. However at this point in (a.18), we let c to be summed from 3 to 4 to

keep the generality of this formulation.

The spherical wave expansion idea can be given a physical meaning by visualizing the modes
as taking place in a free-space spherical waveguide. Many properties of cylindrical waveguides find
their counterparts in spherical waveguides. To gain a deeper understanding of this concept, the
interested reader is refer to [Hans 88, pp.15-17]. Here, the analogy of interest from cylindrical
waveguides is the cut-off phenomenon, also occurring for spherical waveguides. In a cylindrical
waveguide, some modes may be above the cut-off and will propagate, while others are below the
threshold and will decay exponentially - the evanescent modes. As the size of the waveguide
increases, a larger number of modes can propagate. For the spherical waveguide the transition

between propagation and evanescence for a mode occurs around a radial distance of pyne = n/k;

as p > Prrunc the mode will propagate. By inspection, we observe that F,llml(cos 0) vanishes

for |m| > n, therefore M < N. For an antenna circumscribed entirely by a minimum sphere of
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radius p,, the radiated field must in theory be represented by an infinite numbers of modes as
previously mentioned. However, modes with n > kp, will be heavily attenuated outside the

minimum sphere. As mentioned in [Hans 88, pp.17]

“This is a consequence of the cut-off property of the radial functions for the
outwards propagating modes. The radial functions are very large (and dominantly
imaginary) for [p] smaller than the cut-off distance n/k. For [p] larger than n/k, the

amplitude of the radial functions behaves as [p™'] to a good approximation.”

Hence the key is that only modes satisfying n < kp, are of importance in the source-free region;
the summation can then be truncated at n = N. As stated by [Ludw 71], 99.9% of the power is
always contained in modes for which n < kp,. This leads to the formulation of an empirical rule

that links the number of meaningful modes to the physical size of the source,

N =kpy+mny (a.19)

where, pg is the radius of the minimum sphere enclosing completely the sources, as defined in
Figure 51. The factor n, is an integer based on the location in the coordinate system and the

accuracy required [Hans 88, pp.17].

FIGURE 51 - GEOMETRY OF SNF MEASUREMENTS
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A few important points must be made here:

- As the minimum sphere radius py becomes smaller, the number of modes required to
represent the total field diminishes. Therefore, if the AUT is electrically small only a small
number of modes are required.

- If the AUT is not centered at the origin of the coordinate system, the minimum sphere is
larger and thus more modes are required to represent the solution. As we will see shortly,
by centering the antenna we ensure that a minimum number of modes is required.

- From this perspective, one can see why only electrically large antennas can be directive.
Low-order modes have a slow spatial variation, while high-order modes have a faster
variation in 8 or ¢. The gain being a large spatial variation of fields, the antenna must be

electrically large to propagate high order modes that can abruptly change in space.

From the value of N, one can easily determine the total number of wave modes needed to

represent an outgoing wave, namely

2N(N +2) (a.20)

With mode coefficients and spherical wave functions power-normalized, it is possible find the

power radiated using only the mode coefficients, as

2
Q| W) (a.21)

1
Proa = EZsmn

which can be re-written as

1 N
Praa = Ez Pr(;l;
n=1 (a.22)

where

0|’

1
n) _ E
Prcrlld_z

sm

(a.23)
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is the power spectrum. From these expressions, [Jens 04] came up with the idea of studying the
relationship between the order of the mode and the power truncated during an acquisition. Since, a
relation exists between the spatial sampling and the numbers of mode being represented”’, it is
possible to sum the power truncated by using only a limited numbers of mode versus using an
infinite numbers of mode. This leads to a better appreciation of the factor n; in (a.19), which was
historically fix to 10 for computational reasons. Now this factor can be linked to an acceptable

power truncation, which should be ideally lower than the noise floor of the measurement chamber.

More can be said about the properties of the modes, the orthogonally characteristics and
also their transformations, but the essential for this work is presented. The interested reader is
referred to [Hans 88, Appendix Al] [Bala 12, Section 3.4.3 and 10.4] and [Rudg 86] for further

details.

At this point we will link SWE theory to practical SNF measurements. As previously
mentioned, in the case of interest only the outgoing wave (c = 3) is used, and therefore for clarity
will no longer be shown explicitly. To summarize up to now, the E-field at a point in source-free

space can be represented as a weighted sum of spherical waves as

E(p,0,9) =%ii Zn: QsmnFemn (0, 6, 9) (a.24)

s=1n=1m=-n

where,
k is the wave number
n impedance of the medium
Qqmn is the modal coefficient
F,n is the power-normalized spherical wave function
s has a value of 1 for TM fields and 2 for TE fields

mis limited by [m| < n

n is limited by the extent of the sourceto1<n<N

7 Refer to (a.40) and (a.41)
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N is an integer that represents the number of modes propagating given the radius of the

minimum sphere enclosing the source (the AUT in SNF measurements)

Now that we have a proper formulation for the expansion of the fields, we must solve the following

problem:

A finite radiation source is present in space and completely contained within a
minimum sphere of radius po. An electromagnetic field E(p, 8, ), H(p, 6, @) exists
in a region outside of this minimum sphere. Given only the tangential electrical field

on a surface of radius p,,eqs > Po, determine the expansion coefficients for (a.24).

To do so, we define a spherical surface where the measurement occurs, the measurement sphere;
the surface on which the probe will travel and measure the tangential fields. This sphere has a
radius py,.qs @s depicted in Figure 51. The radius of this sphere is larger than the minimum sphere,

Pmeas > Po, encloses all sources, and is concentric to the minimum sphere po.

If only outgoing waves are needed, as in the case of SNF measurements, only Emn, the

tangential component of the E-field, on the measurement surface is required to fully expand the
fields into spherical components. If both incoming and outgoing waves are required, both Etan and

ﬁtan are necessary. To understand why only the tangential components are needed, we refer to the
scheme proposed in [Ludw 69] and [Ludw 71]. The equivalence principle gives a very good insight of

why this is so, refer to Section 3.3.1 for a short explanation.

We must now measure the fields in order to evaluate the coefficients Q. TO acquire the
tangential field on the measurement surface, a linear-polarized probe measures a component of
the field (6 or ¢) on the complete sphere. Then the probe is rotated on his axis (noted by x) by 90
degrees to measure the remaining component. Therefore two orthogonal components are acquired
(6, &), which is sufficient to recover the tangential component of the field on the surface. The

geometry of the probe is presented in Figure 52.

108



7 Minimum sphere of

A probe X
pprob =

Probe position in
space, relative to AUT

R (X 0,9)

FIGURE 52 - PROBE GEOMETRY IN SPACE

Once Etan has been measured over the sphere surrounding the AUT, the coefficients of the SWE
must be computed. We will start, for explanation purpose, with an electric dipole as our probe;
which is rarely the case for modern measurement. Based on expansion of the fields, one can devise

the signal received due to the transmission coefficients of the AUT (which are unknown),

Vo v 1
n— = ~
Wee (Pmeas: X0, 0, @) = > v z z Z TsmnF;(ri)n (Pmeas: 0, ¢). 0
s=ln=1m=-n (a.25)
Wg (pmeas')&p; 0, QD)
— 2 N n
_67T I ~ (a.26)
- 2 Uz Z Z TsmnFs(rfL)n (Pmeas: 0, 9)- ¢

s=1n=1m=-n

where,

W{69’¢}(p, X6,01 0, <p) is the signal received by an electric dipole located at (p, 6, ¢) in space

and rotated on its axis by an amount .

Xo and x,represent, respectively, the polarization in 6 or ® on the measurement sphere.
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The factor @ comes from the form factor of the probe, in this case a dipole. The form

factor being the ratio between the received potential in presence of an electric field.
v is the excitation of the transmit antenna, the AUT, in [V]

Tsmn are the transmission coefficients of the AUT, related to the notation used so far by
(3

smn = UTsmn (a.27)

With these two equations, and some manipulations: multiplying by the vector wave function in

both polarization and integrating over 6 and ¢, yields

m 2w
VTgmn = 2 D f fweé
smn — T — 2 ¢
o [RS? (kpmeas)] ®=0 6=0 (a.28)

~1 (3 .
+ WP} ED s (Pmeas: 6, 9)sin(6)dOde
where Rg’? (kp) is the radial dependence of the spherical wave function whose complete

expression can be found in [Hans 88, (A1.6)].

This form enables one to compute the transmission coefficients, and hence the SWE
coefficients, of the AUT based on the received tangential electric field measured. The cost of
computation in this case is to perform the double integral. Again, once the coefficients are known

the fields can be found at any points in space outside the minimum sphere, including the far-field.

We next go away from the simple dipole as our probe. When the probe is more involved,
one has to take into account the receiving coefficients of the probe as well. In this case the

transmission equation between the probe and the AUT is

W(Pmeas: 2 0,9) =V ) Tomne ™ (6) €74 Poyn (Prmeas)
Smn (a.29)
u
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with the probe response constant

where,

1 3
Pspm(kpmeas) = Ez C;Zf? )(kpmeas) Rg;w (a.30)
ov

w(p, x, 0, @) is the received signal at the probe.
ejm"’d[}m (6)e/#X are the rotation coefficients of spherical wave functions

Pyyn (kpmeas) expresses the probe response constant, at a point in space, to a specified

mode of given amplitude.

(o, 1, v) are mode descriptors for the probe, analogous to s, m, n for the AUT. Here caution
is required as u shall not be confused with the medium permeability. This notation is chosen

to reflect the work of [Hans 88]

Csn(3)

ouw  (KPmeas) are the translation coefficients of the spherical wave functions [Hans 88,

Appendix A3]

Rf,’#,, are the receiving coefficients of the probe, which are analogous to the transmission

coefficients of the AUT

Similarly to the AUT, the coefficients of the probe can take are the following values:

o=1,2
U= —VUnmax -+ Vmax
v=|ul

The maximum value of u depends on the degree of azimuthal symmetry of the probe. However, for

a probe that is relatively small and sufficiently far away from the AUT this can be approximated

by 4 = +1. This approximation will come handy in the formulations to follow. From SWE theory,

one can also see that as the probe tends to get smaller, fewer modes are needed to represent the
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probe. The concept of a minimum sphere can be applied to the probe as well, the radius of that

sphere being denoted by p,,,p, in Figure 52.

In the case of a general probe, the transmission expression solution is relatively similar, yet
more complex, to what has been presented previously for the dipole. The solution to that
expression was proposed by [Jens 75] and [Wack 74] independently. The solution is carried out in
three steps, exploiting the orthogonality the exponential function along with the finite spatial
Fourier transform. For more details on the process, the reader is referenced to [Hans 88, pp.105].

The analytical solution is

UTlmnpl;m(pmeas) + UTZmnPZ;m(pmeas) = W[?m(pmeas) (a.31)

with

2
W;?m (Pmeas) =V TsmnPsyn (kpmeas) (a.32)
s=1

This equation constitutes a system with as many equations for unknowns vT;,,, and VT, as
there are different values for y, the azimuthal index; thus the system has a unique solution. As
previously mentioned, if the probe is sufficiently small and sufficiently far away from the AUT, the
p-index can be approximated by u = +1. This is the case even if the probe does not have perfect
rotational symmetry (e.g. rectangular waveguide). The probe modes y = +1 will dominate if the
measurement sphere is large enough, that is if the distance to the AUT is sufficiently large. When a

u = +1 probe is present the system takes the forms

UTl,m,npl,l,n (pmeas) + UTZ,m,nPZ,l,n (pmeas) = me(pmeas) (a,33)

and
UTl,m,npl,—l,n (pmeas) + UTZ,m,nPZ,—l,n (pmeas) = Wfl,m (pmeas) (a,34)
If the probe can’t be approximated by u = %1, a larger system of equations must be solved. The

rest of this appendix uses the mentioned approximation for the probe.
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While the last form doesn’t directly solve for the coefficients, it is possible to derive a solution by
separation of variables, leading to the three-fold integral transform (one for each spatial

components)

T

2n+1 n .
> f Wmn(pmeasr B)dum(e) sin(6) d6 (a.35)

6=0

W/?m (pmeas) =

21
1 .
Wum(pmeas' 0) = . f Wu(pmeasv 0, p)e”"?do (a.36)
©=0

21
1 .
Wu (Pmeas) 0, ¢) = o f W( Pmeas) X, 6, e T dy (a.37)
x=0

where w(pmeas) X, 0, @) is the received signal at the probe.

To evaluate these integrals numerical integration is used, which requires some type of sampling.
We note that the integrals (a.38) and (a.39) are both Fourier integrals of periodic function which
may be evaluated by a Discrete Fourier Transform (DFT), and thus by the well-known Fast Fourier
Transform (FFT). The expression (a.37) can also be evaluated by Fourier techniques; however, there

is no periodicity in space.

To solve a problem numerically, at some point some discretization must be performed. Just
as the sampling theorem applies for reconstruction of a temporal signal, the theorem applies as
well in space; to resolve a mode of a certain order one must sample points in space with a
separation that is small enough. That is, the physical location of the probe must be positioned
precisely and acquire the tangential field. The minimal separation between two samples in 6 and ¢

is denoted by AB and Ad, respectively.

Before we tackle the three integrals defined in (a.37) to (a.39), we must link the important
concept of spatial sampling to the evaluation of these integrals. As the order of the mode increases
the spatial variation frequency increases as well. Thus, the step A8 and Ad must satisfy a spatial

version of the Nyquist criterion to resolve a certain mode order. That criterion is
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A0 =2n/(2N + 1) (a.38)
Ap =2n/(2N +1) (a.39)

Therefore, as high-order modes are needed without aliasing, the sampling must become denser.
Conversely, by specifying steps in AB and Ad one can calculate the highest mode that can be

resolved.

At this point suppose we have measured the tangential electric fields on the sphere with
appropriate spacing to resolve a sufficient number of modes, and that we are seeking a way to
evaluate the integrals (a.37) to (a.39) to retrieve the coefficients. We now tackle independently
each integral. Note that the solution of (a.39) is part of the integrand in (a.38) and that similarly the
solution of (a.38) is part of the integrand in (a.37). Therefore, we must solve in this order (a.39),
(a.38) and then (a.37). Once (a.37) is evaluated, it is possible to solve the linear system presented in

(a.33).

For measurement in ¥, the probe is rotated on its axis by an angular positions separated by
Ax from 0 < x < 2m. A direct solution of the expression (a.39), the proof is presented in [Hens 88,

pp.110], is easily derived for the two harmonics™ of the probe

1 . T
Wy (pmeas' 0, (P) = E {W(pmeas' 0,6, (P) - ]W(pmeas' 5' 0, (P)} (a.40)

1 . T
W_q (pmeas' 0, (P) = E {W(pmeas' 0,8,9) + jw(Pmeas, 5 0, (P)} (a.41)

Here only measurementin y = 0and y = %are required to solve this system. If a probe presents a

larger p-factor than u = +1, only two measurements in y are still required as it is possible to

generate the larger solution system from these two orthogonal measures.

For measurement in ¢, the probe is moved to angular positions separated by A¢ from
0 < @ < 2m. The angular separation is determined from the number of harmonics 2N + 1.

Therefore, the number of samples to take to resolve a sufficient number of modes in ¢ is/, =

'® Recall that we use u = %1 to simplify the comprehension of these expressions.
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2N +1, so thatd¢ = 2m/],. We refer to a specific sample in ¢ asw,(Pmeas, 0,j4¢). The ¢

integration is performed as

Wy{mzo,l,.. ,N,—N,.. ,—1} (pmeas' 9)

= IDFT{WpL(pmeas: 0,{/=01,. ']<p - 1}A§0)} (a.42)

where, IDFT is the Inverse Discreet Fourier Transform.

For measurement in 6, the solution is a bit more involved since the integrand is not
periodic; 0 is defined as 0 < 0 < m. But with some clever manipulations the function can be
expanded. Note that just as for ¢ angles the probe is moved to angular positions separated by AB
with Jo = 2N + 1 and thus A8 = 2m/J4. The proof for the evaluation of the expression (a.37) is not
presented here since it's cumbersome and doesn’t increase the comprehension of the process; the
reader can refer to [Hans 88, pp.113-116]. It suffice to say that the computation of Wi, (Pmeas)
must be carried out for all n, m and p, which is require to solve the linear system (a.33) and find the

transmission coefficients of the AUT.

Efforts were devoted to improve methods to evaluate the integral (a.37). [Jame 69]
evaluate integrals using Simpson’s rule for cases with low numbers of modes (N=3). For larger N,
which is necessary to represents antennas with higher gain values, the fact that 6 and ¢ integrals,
can be carried out separately must be used. Also, since the integrand of (a.37) is not periodic,
Simpson’s rule or the trapezoidal rule cannot be expected to provide an exact solution. Like many
numerical analyses, with a sufficient number of samples one can expect a sufficiently accurate
answer. [Ludw 69] and [Wood 80] both worked on integrals using the previously mentioned
techniques. A Gaussian quadrature rule leads to an exact solution of the integrals, but the samples
on the sphere must be selected at specific non-equidistant values in 8, which is seen as a
disadvantage. Of course the Gaussian quadrature provides exact solution only if the integrands are
polynomials, the band-limited nature of the integral enables to fulfil that criterion, details are
presented in [Hans 88, pp.141-142]. [Rica 72] and [Wack 75] discovered the possibility to apply
Fourier transformation in 8, which is an efficient way to handle the 8 integral. [Lars 80] improved
the technique to reduce memory usage, which was very limited at the time; this method is now
known as the Wacker-Larsen approach. Further work on reduction of the computing burden was

carried out extensively in many studies, [Yagh 84], [Yagh 85], [Witt 84] and [Hess 82].
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Once the wyin (Pmeqs) values are found foru = +1, one can solve for the transmission
coefficients Ty ,,, , and T, , , Of the AUT. These coefficients are sufficient to characterize the AUT
completely. With these coefficients, one can then do some post-processing and find the field either
at a finite distance from the AUT, or in the far-field, by evaluating the field expressions at a point in
space. Techniques and formulations exist to derive far-field antenna parameters from the
transmission coefficients when required by using the asymptotic form of the Hankel functions [Hans

88, pp.123-125].

To summarize, the objective is to solve for the SWE coefficients of an AUT from the
acquired tangential electric field over a measurement sphere. The fields in space outside the
minimum sphere, thus also in the FF, can be written as a weighted sum of coefficients multiplied by
the spherical wave functions. By solving integrals transmission equations, which relates the
transmission coefficients of the probe and the AUT, the position of the probe in space and the signal
received at the probe, we can derive the SWE coefficients of our system. As a final note, some
techniques can reconstruct the sources from the coefficients and find the fields inside the

measurement sphere and even show the field amplitude and phase directly on the AUT [Guler 95].
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Appendix B - Software Framework Layout
NSI2000 Matlab

Select Simulation
Parameters

—1

Initialize environment

|
|
|
|
v |
|
|
|
|

Process the complete AUT
dataset

Find side lobe
position and
amplitude

v

Save complete NF dataset
to temporary array

A\ 4

Send complete FF to

Keep complete FF as
Matlab I reference

\ 4

Fill NF array with zeros

NF Pre-condition
[Optional]

Iteration Start

Acquire samples

v

Compute FF from
NF acquired

: ] ]

Send NF and FF
array to Matlab

—

Send NSI2000 parameters to Matlab:

Compute error
functions and
differential values

Compute side lobe
amplitude

v

e Directivity |
. % of dataset acquired | Compute decision
. % of complete measurement sphere 7| functions criterion
. Peak value |
. Iteration number | ¢
Display selected |
| decision functions
| . Take decision to
ontinue: X
| continue or halt

Iteration Stop <+ | Halt:

Write report
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Appendix C - File Tree of Adaptive SNF Solution

./Adaptive SNF

= /AUT

FAN.nsi

ISO.nsi

BS.nsi

~ / Matlab

. /PreCond

DispPreCondResults.m

PreCond_BaseStation.m

PreCond_FanBeam.m

PreCond_ISO.m

suplabel.m

— /Utilities
GetHVCuts.m
SideLobeFind.m
SideLobeFinder.m
SideLobelister.m

— /Visualizer
DispEvolv.m
ExtractNF_FF.m
NF_Evolution.m
NF_Matrix_View.m
SideLobeTracker.m

— /NSI
AdaptiveAcquisition.bas
- /Results
{ /Isoflux — Rule 1 (22 March 2013)

WorkSpace.mat
Results.xIsx
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Appendix D - Timing Test Results

Description Values
AUT AUT identifier FPA SGH DIP FAN1 FAN2
NF Pts NF_VPTS NF_HPTS 201 151 31121 6131 7337 9146
NF Pts Tot | Number of NF points 30351 3751 1891 2701 4186
FF Pts FF_VPTS FF_HPTS 401401 401 401 401 401 401 401 401 401
FF Pts Tot | Number of FF points 160801 160801 160801 160801 160801
Timing (s)
Test 1 NSI NF processing 0.0703125 0.03125 0.015625| 0.015625 0.015625
Test 2 NSI FF processing 3.976563 1.632813 1.054688 | 1.117188 1.609375
Test 3 Send NF to Matlab 1.585938 0.1875| 0.1015625 0.15625 0.234375
Test4 Get NF from Matlab 1.75 0.203125 0.109375| 0.1484375| 0.2265625
Test 5 Send FF CoPol Amp to Matlab 5.140625 5.015625 5.015625| 5.046875 5.070313
Test 6 Send FF Dir to Matlab + compute diff + get result 0.0234375 0 0 0| 0.0078125
Test 7 Run SidelobeFinder in Matlab on FF sent + retrieve max val 0.0234375| 0.0078125 0.015625| 0.0078125 0.015625
Test 8 Compute Error Function in Matlab on FF sent + retrieve max val 0.03125 0.03125 0.015625| 0.015625 0.015625
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Appendix E - Linear Interpolation NF Pre-Conditioning Foundations
In this appendix we settle the mathematical and geometrical foundations required to solve

the following problem:

Provided with orthogonal cuts of NF measured tangential E-field on a measurement

sphere, estimate the tangential field at any other points on that same sphere.

The geometry used is presented in Figure 53. Note that only a portion of a full measurement sphere

is presented for ease of representation. In an actual implementation the whole sphere is used.

~inter:
@ p

!
i 9‘ interp

Einterp — E_'(g, (P)

"’, interp
e

FIGURE 53 - GEOMETRY OF NF ARRAY INTERPOLATION. TOP: POINTS OF INTEREST. BOTTOM: FIELDS OF
INTEREST.
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The orthogonal cuts used in this work are consistent with Section 5.5 and are the following:

- Cutting the sphere at ¢ = 0°, thus letting 8 go from 0° to 360°

- Cutting the sphere at ¢ = 90°, thus letting 8 go from 0° to 360°

Hence, both cuts are passing through the North Pole and the equatorial cut is no acquired.

To settle the various presented points on diagram, we textually list them here:

Points of interest:

(6, @) -> Point to interpolate
(6%, 1) -> Known point 1, on cut ¢ = 0°

(62, ?) -> Known point 2, on cut ¢ = 90°

Unit vector at points of interest:

(éinterp @interp)
(G

(6%,9%)

Input for the NF pre-conditioning algorithm:

(Eg, Eg)

(E§, Eg)

Output for the NF pre-conditioning algorithm:

interp
E 6

interp
E(P
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Fields at points of interest:

El — E_'(el,(pl)
E' =EG0' + ELQ* =EXR+Ey+E;2
Ej = Eo(6',9")

El — E<p(91,§01)

[
Ex = Ex(6,0")
E; = E,(0',¢")

E; = E,(6%,¢")

E? = E(6% ¢%)
E? = E§6% + EZp* = E2% + E}9 + EZ2
E§ = Eg(6% ¢%)
EZ = E, (0% ¢%)
E3 = Ex(6%,¢%)
EZ = E, (6% ¢%)

Ef = E,(0%,¢7)

Einterp — E(@, QD)

=i interp A interp interp » interp ~ interp »
Emte? = E P2 4+ TP @2 = EMPR + ESNPY + B2

Einterp

0 Eg(0, )

int
By = E,(0,9)

ES™P = E (6, )

Ejl/nterp _ Ey (9’ (P)

EI™ = E,(6, )
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We next look at the two linear interpolation techniques used in this work.

Method 1 — Described in Section 5.5.2:

Eénterp = linspace(E}, EZ)
¢ -
= Eg + (E§ — Ee)—(pl

{real{EQ} + (real{E3} — real{Eg}) (p (fp } +j {lmag{Ee} + (imag{E3} — lmag{Ee}) ('0 qq)ol}

Einterp _

p linspace(E}, E(f,)

1

-
= Ej + (E; — E,
¢ (<.0 <P)(p2_¢1

0! 1
= {real{E(},} + (real{E2} — real{E, }) s } +j {lmag{E } + (imag{EZ} — imag{E;}) %}

Note that the decomposition in real and imaginary parts is only shown to emphasise how the linear
interpolation occurs on a complex number. The /inspace function is simply the linear interpolation

function used within Matlab.
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Method 2 — Described in Section 5.5.3:

Decompose spherical components of each known point in Cartesian components:

Es = Ej % + Egyy +Eg 2

1 _pl g 15 1 5
E(p—E(pxx+E(pyy+E(pzz

B =Ej R +E§9+E§2

2 g2 2 2 5 2 5
E¢—E(pxx+E(pyy+E¢zz

Ex = Es +Eg,
1 _ 1 1
Ey =Eg +Ep,

E; =Ej +Eg,

2 _ 2 2
E}=E} +E2
2 _ 2 2
E} = E§ +E},

EZ =Ej +EZ,

Interpolate Cartesian components separately:

EMe™ — linspace(EL, E2)
-9
= Ex + (Ef —E%)m

E;,nterp = linspace(Ey, ES)
-9
= El 4+ (E2—EH)—— "
y y TR g1

EMe™ = linspace(EL, E2)
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o —o¢!

Project back the Cartesian components to spherical components:

inter inter . inter . inter
Eé P =cos@cospE," P + cosfsing E, P —sing E;"'P

Einterp _

. interp interp
® = —singkE, + cos@E,

With this approach a radial component
interp
E,

int . . . . .
E;,n P will emerge. In this case, we simply ignore this component,

thus assigning = 0. This procedure is believed to create a systematic error. Again, the linspace

function is simply the linear interpolation function used within Matlab.
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