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ABSTRACT 

This thesis presents an adaptive technique that uses feedback to provide practical 

information during a planar near-field measurement scan. The feedback is used to decide 

with certainty when to terminate the planar near-field measurement process. 

The developed adaptive planar near-field method utilizes a rectangular spiral-type 

acquisition pattern to acquire the near-field measurements. At the end of each scan 

iteration, a set of decision functions are rapidly calculated which provide a quality 

measurement of the resulting far-zone transformation. The decision functions are based 

on the far-zone radiated patterns, directivity, and the fractional plane wave spectrum 

error. 

The decision functions were evaluated using actual planar near-field data set of 

five different antennas. These experiments have identified those decision functions that 

are directly related to antenna performance measures and would allow for the termination 

of the planar near-field test based on a set of relevant stopping conditions. 
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CHAPTER 1 - INTRODUCTION 

1.1 Preliminary Remarks 

In spite of uncertainties in the communications industry in recent years, no doubt 

there will be continued technology development to provide diverse services that require 

higher data rates and allow user mobility. Mobility at once means that antennas will 

continue to be key components. Service diversity will mean that a single antenna 

structure might have to provide slightly different characteristics for each of a number of 

roles (i.e. have multi-functionality). This implies multiple polarizations and beam ports, 

as well as electronically controllable beam characteristics with embedded intelligence. 

Increased data rates demand antennas with wider operating frequency bands, and so 

spectrum has been allocated at millimetre-wave (mm-wave) frequencies. There will have 

to be significant advances in antenna configurations, and methods for their design, to 

ensure the success of future systems. The antennas must satisfy more demanding 

requirements, yet at a cost suitable for commercial applications. These comments apply 

to antenna configurations for both terrestrial and satellite applications. 

As antenna performance complexity increases, so too does the suite of 

measurements that are needed to confirm whether a given antenna indeed satisfies the 

required performance. Such more elaborate testing at once implies that the measurements 

will be more time-consuming. It is important to realize that it is not the speed with which 

electronic instrumentation is able to operate that is of concern here. When it comes to 

antenna testing this aspect occupies a negligible fraction of the time involved. Rather, it is 

the acquisition time related to the three-dimensional movement of the antenna under test 
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(AUT), or the acquisition probe, during measurement that is the principal contributor. 

While the time taken to complete a measurement might be of little consequence in a 

research environment, once antennas are being manufactured on a production line time is 

of the essence. In fact, it is believed by many that "in developing products and systems, 

testing, and not design, is usually the more expensive, time-consuming, and difficult 

activity" [1]. 

1.2 The Near-Field Antenna Measurement Concept 

There is a large amount of literature on antenna measurements [2], [3], [4]. Such 

measurements can be broadly classified into far-field measurement techniques and near-

field measurement techniques. It is most often the far-field radiation pattern (and 

quantities derived from it) of an antenna that we are eventually interested in. Far-field 

measurement techniques require the AUT and the acquisition probe to be separated a 

distance sufficiently large that the electromagnetic fields radiated by the AUT are locally 

plane at the location of the probe. Far-field measurement techniques provide the far-field 

radiation patterns directly. Near-field measurement techniques use an acquisition probe 

that can in principle be located at any distance from the AUT; theoretical formulations 

(we will simply call these far-field transformations) based on fundamental 

electromagnetic theory are then used to predict the far-field radiation patterns from the 

measured data acquired in the near-field of the AUT. 

Near-field measurement techniques can in turn be divided into three classes: 

planar near-field testing, cylindrical near-field testing and spherical near-field testing. 

The classes are named according to the shape of the surface surrounding the AUT over 
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which the acquisition probe samples the data. The case of planar near-field testing is 

shown in Figure 1.2-1. In this case the far-field patterns are [5] in essence two-

dimensional Fourier transforms of the near-field distribution over a planar surface in front 

of the AUT. We will refer to the plane over which such samples are measured (in 

amplitude and phase) as the scan plane. Samples (which we will call data points) are of 

course only taken over a finite portion of the scan plane; this we will refer to as the scan 

area. A specific AUT will have a particular physical aperture. The larger the physical 

aperture of the AUT the larger the scan area needs to be. 

Acquisition 
Probe 

/ 

Scan Area over which 
the Near-Field is 

Sampled 

Antenna Under 
Test (AUT) 

Figure 1.2-1: Schematic diagram of an archetypal planar near-field scanning 
system. (Adapted from a diagram courtesy of NSI Inc.) 
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1.3 Desired Improvements in Planar Near-Field Testing 

The aim of this research was to explore and develop methods for reducing the 

data capture burden in antenna planar near-field (PNF) measurements. In order to do this 

we must be able to keep to a minimum the scan area (that is, the number of required data 

points in the scan plane1) for a given antenna physical aperture. Although at the start of 

the research described in this thesis we conjectured several possible ways of doing this, it 

soon became clear that an adaptive approach was the overwhelmingly superior one. We 

came to this conclusion early on, as soon as it was recognized that the time to compute 

the far-field transformation (using the fast Fourier transform) was for all practical 

purposes negligible compared to the data acquisition time. It has therefore been the only 

one pursued in this research, and represents the first time that continuous feedback 

(during the actual measurement process) has been used in determining when to end the 

scan area as soon as possible, thereby minimizing the testing time. 

1.4 Overview of the Thesis 

Chapter 2 provides a review of the essentials of the PNF measurement process 

needed to properly describe the ideas and contributions of this thesis. It also provides an 

opportunity to introduce the notation that will be used in later chapters. Furthermore, 

some implementation details of PNF measurements that are obviously used by others, but 

do not appear to be explicitly stated elsewhere, are provided in this chapter. In Chapter 3 

we motivate and propose an adaptive algorithm aimed at reducing overall PNF testing 

1 Sampling theorems dictate the spacing between data points. Thus these two ways of stating the problem 
are equivalent. 
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time. We describe how the adaptivity is achieved by the processing of the measured data, 

and forming what we have called decision functions, while the data is still being sampled. 

Several possible decision functions are defined in Section 3.4. Evaluation of the adaptive 

algorithm necessitates the use of measured PNF data and details of the data sets used in 

this thesis are thus presented in Chapter 4. This is followed in Chapter 5 by a study of the 

effectiveness of the decision functions in reducing PNF test times. Finally, some general 

conclusions are reached in Chapter 6, and the research reported herein put into 

perspective. 

1.5 References for Chapter 1 

[1] P.D.T.O'Connor, Editorial, IEEE Spectrum, pp. 18, Jul. 2001 
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CHAPTER 2 - FUNDAMENTALS OF EXISTING PLANAR 
NEAR-FIELD TECHNIQUES 

2.1 Introduction 

In order to describe the development of the adaptive technique for PNF 

measurements it is necessary to delve into the mathematical analysis on which the 

method is based. In Section 2.2 we describe the theoretical basis of PNF measurements. 

The manner in which certain PNF transformation integrals are evaluated in practice is 

described in Section 2.3, along with some details on the manner in which this is actually 

implemented in the present thesis. 

No measurement technique is perfect. Section 2.4 briefly describes two sources of 

error in PNF measurements that we will need to refer to in this thesis, in particular so-

called truncation errors. The latter kind of error arises due to the fact that, although the 

theory in principle requires that we sample the near-field over an infinite plane in front of 

the AUT, we of course are only able to do so over a finite scan area. The near-field values 

are assumed to be zero outside the scan area. In later sections of the thesis we will use 

adaptive methods to minimize the size of the required scan area (dependent on what we 

actually wish to achieve from the measurement), in so doing reducing test times. 

In Section 2.5 we review work that has been done by others to allow a PNF 

system with a given maximum scan area to be used in the testing of antennas with 

physical apertures that are larger than would be possible using conventional PNF 

approaches. We will indicate why these do not lead to test time reductions, or are 

otherwise not suitable, for present purposes. 
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Conclusions and references for the present chapter are provided in Section 2.6 and 

Section 2.7, respectively. 

2.2 Fundamental Expressions for the Planar Near-Field to Far-
Field Transformation Process 

Briefly stated, the far-field of an antenna is obtained by taking the Fourier 

transform of the antenna's near-field over the scan plane in front of the antenna, Figure 

2.2-1, and performing additional mathematical manipulations to remove the effect of the 

characteristics of the probe, a procedure known as probe correction. 

If the measured transverse electric field values in the z = 0 plane, expressed in 

volts/metre, are Ex(x,y,0) and E (x,y,0), then the plane wave spectrum [l] is described 

by A(kx,ky), whose components are 

4 c ( ^ ) = — f [Ex(x,y,0)ejik'x+k>y)dxdy (2.2-1) 
- c o - c o 

4 00 00 

Ay(kx,ky) = — J \Ey(x,y,0)eJ(Kx+k>y)dxdy (2.2-2) 
—CO —CO 

and 
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AUT 
Physical 
Aperture 

Scan Plane 

Data Points 

Figure 2.2-1 : Sketch Showing Physical AUT and PNF Scan Area Data Points 

4(*,.*v) = -
M*(*, .*v) + My(*x>*y) (2.2-3) 

where 

k = 1 k kx ky 
2 , 7.2 ^ 1.2 if kt+kt<k 

2 , 7.2 , .2 
(2.2-4) 

+ k„-k otherwise x y 
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If we know A(kx,ky), we can determine fields Ex(x0,y0,zQ), Ey(x0,yQ,z0) and 

Ez(x0,y0,z0) at any observation point (xQ,y0,z0) in space using the inverse 

transformations [1], [2] 

Ex(x0,y0,z0) = - L J )Ax(kx,ky)e-jk^ <f ><**+M>> dKdky (2.2-5) 

1 oo oo 

£y(Wo>*o) = ^ I j ^ ( ^ K A z ° e-j{Kx°+k^ dkxdky (2.2-6) 

and 

1 oo co 

£, (Wo.*o) = ^ J \A2{kx,ky)e-jk'z° e-><^+M.) ^ ^ . (2.2-7) 

If the observation point (JC0, >>0,z0) = (r0,#0,^0) is in the far-zone of the antenna, with 

= y[x'( 
2 , . . 2 , _2 

r0=^x0+y0+zl 
(2.2-8) 

#0 = tan ' <j 4-2 2 

(2.2-9) 

^o t̂an"1 P (2.2-10) 



x0 = r0 sin 90 cos (f>0 (2.2-11) 

y0=r0 sin 0O sin <p0 (2.2-12) 

and 

z0 = r0 cos 0O (2.2-13) 

then asymptotic analysis shows that the above integrals simplify to [1], [2], [3], [4] 

Er(xo,yo,zo) = Er(rQ,0o,^)^jkzOAx(kxO,kyO)^ (2.2-14) ?far(v , , _ \ _ vfar, ~ . - . . . ,-. . . £ 

ro 

E^(x0,y0,z0) = E^(r0,eo,<f>Q) = jkz0Ay(kxQ,ky0) (2.2-15) 

and 

p-M 
E{ar(x0,y0,z0) = E{ar(r0,eo,^) = jkz0A2(kx0,ky0) (2.2-16) 

where 

kx0 = k sin 00 cos (f>0 (2.2-17) 

10 



k 0 = k sin d0 sin $, (2.2-18) 

and 

kz0=kcos60. (2.2-19) 

In other words, the far-zone fields are simply the plane wave spectra evaluated at 

the specific values of (kx,ky,kz) given immediately above. It is clear that if we specify 

values of kx0 and ky0, then kz0 can be found from kz0 = Jk2 - kx0 - ky0 , and then 

and 

8n = tan 4 Ko + KyO 
(2.2-20) 

$, = tan 1 J kyO 

vx0 

(2.2-21) 

2.3 Implementation Details of the Fourier Transform 

2.3.1 The Discrete Fourier Transform 

The discrete Fourier transform (DFT) is used to transform one discrete function 

into another, usually interpreted as from one domain (eg. time; space) into another (eg. 

frequency; spatial frequency). The forward DFT is expressed by 
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N-\ • 2 * \ 
-j—kn ^ = Z/> N k=0^ >N~l (2-3-1-1) 

n=0 

and the inverse DFT is similarly expressed by 

1 N-\ J2^kn 

M k=0 

In the above expressions {f0,fl,f2, ,fN-\] represent the original discrete 

function and {F0,Fl,F2, ,FN_X] the transformed discrete function. Expressions (2.3.1-1) 

and (2.3.1-2) represent a Fourier transform pair only if the input function is in fact 

periodic. In other words (2.3.1-2) actually gives the Fourier transform of an input 

function 

| ' / o ' / i ' ./2' >JN-\>JO>JI>J2> >JN-I>JO>JI>J2> '/jv-i' j \Z.jA-j) 

where the dots at each end indicate that the sequence of values f0,fl,f2, >/N-I a r e 

repeated infinitely many times in both directions. In other words, for the N-point discrete 

function / , we have fn+N = fn. The Fourier transform (the output function) itself is also 

periodic, namely 

| ; -M) •> M i ̂ 2' ' -*V-1 ' A ) ' M ' ̂ 2' ' • ' V - l ' A ) ' " M > ^2 ' > •**#-! > J * (2.3.1-4) 
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2.3.2 Use of the Fast Fourier Transform 

The DFT can be evaluated in a very computationally efficient manor using the 

fast Fourier transform (FFT) algorithm. Computing a DFT of N points as defined in 

equations (2.3.1-1) and (2.3.1-2) takes N operations, whereas the FFT can calculate the 

same result using TV log N operations. For large N this is of great significance. 

The authors of [5] observe that "There are many algorithms that calculate the 

FFT, and one of the simplest methods was discovered by Danielson and Lanczos in 1942. 

It was later found that these modern FFT algorithms were actually a rediscovery of 

efficient methods for calculating the DFT that can be traced back to Gauss in 1805". 

Danielson and Lanczos showed that a DFT of an input function / „ , n = 0,l, . . . ,iV-l, 

where N is even, can be written as the sum of two transforms of length N/2, Fk and Fk° 

where Fk
e is formed from the even components of / „ , and Fk° is from the odd 

components, namely 

N-\ ,,„.*" NI2=\ ,-,_(2n)i: NI2-\ _,_(2»+l> 

Z l £.11 • • / Z 71 • » l L7Z 

fne
 N=j,f2ne

 N + £ / 2 l l + I * " • (2.3.2-1) 
n=0 n=0 n=0 

2n_ 

If we let W s e N , the DFT Expression (2.3.2-1) can be expressed as 

Fk=jdfv,e N + Wk £ f 2 n + l e » = Fk° + WkFk° (2.3.2-2) 
n=0 n=0 
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The quantity Fe can then be written as the sum of two transforms of length N/4, 

Fee and Feo which are formed from the even and odd components as before. This 

process is continued recursively until the data has been subdivided into Fourier 

transforms of length one, which is simply the identity operation. In other words, the 

output of a particular subdivided Fourier transform of length one is related to a particular 

input, F~oee-eoe = fn. Interestingly, it turns out that the value of n can be found by 

setting e = 0 and o = 1 and bit reversing the pattern of e's and o's [5]. The basic 

approach of the FFT algorithm is then to first sort the input function into bit reversed 

order, which gives the results of the length one DFTs. The adjacent pairs of values are 

then combined until the two halves of the whole data set are combined into the final 

transform. 

More advanced FFT algorithms exist that use special symmetries and subdivide 

by factors other than two so that there is no restriction on the value of N. It should be 

noted, however, that the FFT algorithm works most efficiently when the function to be 

transformed is a power of two. Because of this, it is often advantageous to increase the 

length of the input function to a power of two by adding zeros to the end of the function, 

in a process called zero padding. 

2.3.3 Implementation of the Far-Field Transformation 

The plane wave spectrum in expressions (2.2-1) and (2.2-2) represent a two-

dimensional Fourier transform of the x and y-components of the measured near-field 

data. Following the method of [3], the FFT is used to evaluate this integral by first 
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approximating it as a discrete process, and then presenting this plane wave spectrum in a 

form that is suitable for processing with the FFT. 

As shown in [3], the plane wave spectrum equations can be approximated as 

A(kx,ky)* AyAJ*jM Y£E(nAx,m*y¥{>**«*»). (2.3.3-1) 
M = 0 *W— ft 

We next let 

kx=iAkx- — , i = 0,1,2,. ..,N-\ (2.3.3-2) 
Ax 

and 

k=lAk- — , 1 = 0,1,2,. . . , M - 1 (2.3.3-3) 
Ay' 

where the values of Akx and Aky are 

Akx = - ^ - (2.3.3-4) 
NAx 

and 

Ak = - ^ - . (2.3.3-5) 
y MAy 
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Then (2.3.3-1) becomes 

A iAkx , lAk = V V E(nAx, mAy)e K , . , K =AxAye ^ ^ ^ A KXJ l u 2) iM 2 

y Ax' ' Ayy 

(2.3.3-6) 

z = 0,l,...,JV-l,/ = 0, l , . . . ,M-l 

Expression (2.3.3-6) is in a form that is suitable for evaluation using the FFT. In this 

thesis the data processing will be performed in the MATLAB [6] environment, in which 

the general two-dimensional FFT is of the form 

X{m,n) = Yla<P^e (2.3.3-7) 

\<m<M, \<n<N 

and the associated inverse transform (IFFT) 

x(p,q) = —YY.X(m>n)e • (2.3.3-8) 

\<p<M, \<q<N 

In other words, the x-component of the plane wave spectrum, as in expression 

(2.3.3-6), can be written in terms of the inverse FFT as 
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MPAkx>1Aky) = ^ IFFT2{Ex(mAx,nAy)} (2.3.3-9) 

and similarly for the other components, where IFFT2 is the MATLAB two-dimensional 

inverse FFT function. The FFT algorithm implemented by MATLAB is based on the 

widely used FFTW, and details of this algorithm can be found in [7]. 

It should be noted that the result of expressions (2.3.3-6) and (2.3.3-8) will not 

initially produce the same results. When performing any FFT function in MATLAB, one 

must use the function FFTSHIFT to obtain the 'expected' result, as achieved by the direct 

evaluation of expression (2.3.3-6). As mentioned in Section 2.3.1, the DFT (and thus the 

FFT) produces a periodic output. The 'expected' output of the DFT is centred on the 

zero frequency component of one period. However, the result of the MATLAB 

implementation is not centred on the zero-frequency component, but rather starts at the 

zero-frequency. The MATLAB function FFTSHIFT is used to shift the output so that it 

is now centred on the zero-frequency component. Furthermore, as mentioned in Section 

2.3.2, zero-padding is advantageous as it can improve the efficiency of the FFT 

algorithms, and although it will not add any new information to the output, the zero-

padding will act as a form of interpolation as the output data will have the same size as 

the zero-padded input. The IFFT2 function in MATLAB allows the user to input values 

for zero-padding. An example showing the implementation of the far-field transform in 

MATLAB can be found below in Figure 2.3-1 through Figure 2.3-5. 
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Figure 2.3-1 shows a synthetic 17x17 sample point set of near-field data (as 

would be obtained from a PNF scan) that used a 0.5A spacing between sample points. 

The associated zero-padded PNF data set is shown in Figure 2.3-2, where the zeros have 

been added to the end of the data so that it is now a 32x32 sample point set. Figure 2.3-3 

shows the direct evaluation of expression (2.3.3-6) on the zero-padded data, and is the 

'expected' result. Figure 2.3-4 shows the evaluation of expression (2.3.3-6), however 

this time using IFFT2 function in MATLAB. This does not match the direct 

implementation of expression (2.3.3-6). Finally, Figure 2.3-5 shows the evaluation of 

expression (2.3.3-6) using both the IFFT2 and FFTSHIFT functions in MATLAB. The 

result obtained is identical to that of Figure 2.3-3. 

The above mentioned FFT routines are used in the code APNF that is developed 

in Chapter 3 to implement the Adaptive Planar Near-Field technique being proposed in 

this thesis. 

2 By this we mean that we simply wrote down the data; it was not measured or obtained from an 
electromagnetic simulation. 
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Figure 2.3-1: Simulated 17x17 PNF data with a 0.5 wavelength spacing, in dB. 
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Figure 2.3-2: Simulated 17x17 PNF data zero-padded to 32x32, in dB. 
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Figure 2.3-3: Far-Field transformation of zero-padded input data generated using a 
direct evaluation of expression (2.3.3-6), in dB. This is the 'expected' result. 
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Figure 2.3-4: Far-Field transformation of expression (2.3.3-6) using the IFFT2 
function in MATLAB on the zero-padded input data, in dB. 



Figure 2.3-5: Far-field transformation of zero-padded input data using the 
FFTSHIFT and IFFT2 functions in MATLAB to evaluate expression (2.3.3-9), in 
dB. This now matches the 'expected' result in Figure 2.3-3. 

2.4 Errors in Near- Field Measurements 

There is well-established literature on both the theoretical and practical aspects of 

PNF measurements [8]—[18], including the theory behind compensation of the effects of 

the measurement probe, the required spacing between measurement points, the effects of 

errors in the measurement probe positions, and so forth. It is therefore not necessary to go 

into much detail here except to mention two types of error to which we will explicitly 

refer in this thesis, namely truncation error and probe errors. 

The electromagnetic theory upon which the PNF technique is based requires the 

scan area to be an infinite plane. Obviously we are only able to scan over a finite area in 

practice, the near-field samples beyond this finite area being assumed to be zero; this 
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assumption results in so-called truncation error. If you have an antenna of a certain 

aperture area3, and you want to predict the far-zone pattern out to a certain angle off 

broadside, you need the near-field scan area to be large enough in order to avoid 

excessive truncation error. In practice this translates to an approximate rule [8], which we 

will refer to as the rule-of-thumb, given in terms of the minimum linear dimension in 

some "cut" as 

L>W + P + 2Htm% (2.4-1) 

In other words, we have 

The components of expressions (2.4-1) and (2.4-2) are illustrated in Figure 2.4-1. 

If we wish to have a far-zone radiation pattern (after processing of the near-field 

data acquired over the scan plane) that is valid out to an angle t, off the broadside 

direction4, then the linear "cut" dimensions just mentioned can be used to determine the 

size of the scan area. We would like the scan area to be as small as possible in order to 

reduce the number of data points and hence data acquisition time. 

3 PNF testing is not suited to low-directivity (eg. omni-directional or sectoral beam) antennas. The rule-of-
thumb is that the AUT directivity needs to be above 15dBi for PNF testing to be appropriate. In practice, 
therefore, it is usually reflector antennas, array antennas or horn antennas which are tested in PNF facilities. 
Thus it is valid to consider the AUT to be an "aperture". 
4 Angle £ is often referred to as the "angle of validity". 
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Figure 2.4-1: PNF test set-up schematic 

One might immediately think that this limitation could be partially overcome by 

simply moving the scan plane closer to the physical structure of the AUT. Unfortunately 

in this case the presence of the probe alters the actual near-field value being sought too 

drastically, due to interaction between the physical structure of the AUT and the physical 

structure of the probe. Thus we must increase the value of the separation H until this is 
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not the case5. This unwanted "mutual coupling" between the probe and AUT can be 

further decreased by one of a number of additional methods: 

• The use of absorber material around the probe. 

• Thinning of the edge of the probe to decrease its reflective area. 

• Use of an isolator at the probe input/output port. 

The probe does not measure the field at a point (since it is of finite size and not 

infinitesimal), and has a broad radiation pattern of its own but is not isotropic. This must 

be compensated for in order to improve the measurement accuracy. Such probe pattern 

compensation is conveniently incorporated into the PNF processing algorithm as a 

deconvolution [1], [4], [8]. 

2.5 Enhancements to Planar Near-Field Measurement 
Techniques 

2.5.1 Overview 

The possibility of using a reduced amount of PNF data and hence reducing the 

test times has been considered by others using two approaches: 

• Near-field data re-computation over a plane closer to the AUT. This will be 

discussed in Section 2.5.2. 

5 This is often stated as reducing the mutual coupling between the AUT and the probe. While not an 
incorrect statement, it can be misleading. If there were no mutual coupling between the AUT and the probe 
we would not be able to measure the near-fields of the AUT. We want to maintain such mutual coupling, 
but without the interaction between the AUT and the probe altering the radiation characteristics of either 
of these antennas. It is the later effect that is meant in near-field measurement parlance by the term "mutual 
coupling between the AUT and probe". 
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• Near-field data selection, as will be described in Section 2.5.3. 

If one has a PNF scanner of a fixed size (in other words, is able to achieve a 

certain scan area), and the far-zone pattern is required out to a certain angle off the 

boresight axis, then the physical size of the AUT will be limited. If we wish to test a 

larger AUT using the conventional PNF processing discussed up to now (to find the far-

zone radiation pattern out to the same angles), then a larger PNF scanner would be 

required to obtain data points over a larger scan area. Several authors have addressed the 

issue of trying to circumvent this restriction in some way (without of course incurring 

errors), thereby allowing a slightly larger AUT to be tested using a given PNF scanner6. 

These enhancements can be can be broadly grouped as follows: 

• Near-field data extrapolation over the scan plane, which is the topic of Section 

2.5.4. 

• Near-field data reconstruction over the scan plane, as reviewed in Section 2.5.5. 

• The scan plane decomposition mentioned in Section 2.5.6. 

The latter methods are not strictly speaking PNF methods, since they require data 

to be acquired on more than one plane, and so will likely not reduce test times. They will 

nevertheless be mentioned here. 

6 This would translate to test time reductions too, in that one would require fewer data points (since one is 
using a smaller scan area) than would be required for the conventional PNF method for the same AUT size. 
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2.5.2 Near-Field Data Re-Computation Over a Plane Closer to the AUT 

The surface equivalence principle states the following: If we have the tangential 

electric field hxE and tangential magnetic field hxHon some arbitrary closed 

surface Seq, where n is the unit normal at each point on the surface, then these can be 

used to determine equivalent surface current densities Ms = -hxE and Js = hxH 

from which (via the usual radiation integrals) the electromagnetic fields can be 

determined at any other point off the surface, and in particular in the far-zone. If the 

surface S is selected to be an infinitely large planar surface, then image theory can be 

used to show that the fields at any point can be found in terms of the magnetic surface 

current density Ms = -2h x E only, and for observation points in the far-zone the 

radiation integrals take the form of a two-dimensional Fourier transform of the 

Ms = -2h x E . We can interpret the PNF measurement process in terms of this approach. 

The surface Seq corresponds to the scan plane. Data acquisition supplies the values of the 

field ft x E at all points over the scan area, and the fields in the far-zone are then the 

Fourier transform of the equivalent source Ms = -2h x E . The scan plane can be viewed 

as a source plane7 where the equivalent currents used to find the fields are located. The 

final expressions would be identical to (2.2-14) through (2.2-16). However, we can use 

Ms = -In xE to find the fields at any point, and not just in the far-zone; if the 

observation point is not in the far-zone the radiation integral just does not reduce to a 

Fourier transform. 

7 The distance between the AUT and the source plane determines the angle of validity, as discussed in 
Section 2.4. 
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Suppose we have acquired the fields h x E over the scan plane and wish to use 

Q 

the plane wave spectrum approach in Section 2.2 to find the fields over some plane 

closer to the AUT9. One first finds the plane wave spectrum by taking the Fourier 

transform of the acquired near-field data, then multiplies the plane wave spectrum by the 

factor eJ z = e ^ " y, and then takes the inverse Fourier transform of the shifted plane 

wave spectrum. This gives the fields over a plane a distance Az behind the scan plane. 

An alternative method for such back-projection is the integral equation approach. 

One begins with an integral expression10 for the field E at any observation point in space 

due to an unknown magnetic current density Ms over a plane z = 0. An integral equation 

for the unknown Ms is obtained by enforcing the fact that at points on the plane z = d we 

know from measurements what n x E is. The method of moments is then used to solve 

for the Ms over the plane z = 0. The equivalent source Ms is closer to the actual AUT 

than the PNF scan plane, and so the far-zone results obtained by Fourier transforming this 

source distribution should have a larger angle of validity than if we used the source 

distribution directly on the scan plane. The shape and location of Ms can be determined 

based on the geometry of the AUT. This integral equation approach is the subject of 

references [19] through [43], where many topics are described. Some of the references do 

not all deal with the PNF case but instead one of the following: 

We will also refer to this as the direct Fourier transform approach. 
9 This is process called back-projection (or holographic projection, although this may be a misnomer) in the 
near-field antenna measurement literature. 
10 The observation point is not in the far-zone of the current density and so the integral expression in 
question is not simply a Fourier transform. 
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• They consider taking near-field data acquired over an arbitrary surface and find 

the equivalent currents over a plane inside that surface. 

• They consider taking data acquired over a spherical surface and find equivalent 

currents that allow one to find the fields inside even the minimum sphere 

enclosing the AUT. 

Those that do consider the PNF case discuss ways of accelerating the moment 

method solution of the integral equation used to find the equivalent currents. It is stated in 

[22], [24] that (in the PNF context) the truncation error in the integral equation approach 

is less than that using the plane wave spectrum one, and so the angle of validity is indeed 

larger for the same size scan area11. However, we do not consider this fact to have been 

demonstrated unequivocally. For instance, the authors either use horn antennas (which do 

not have particularly low sidelobes) or show rather coarsely plotted patterns (with large 

angular steps resulting in jagged looking patterns) that leave one unconvinced. In another 

case the far-zone pattern obtained using a specific scan area and the direct Fourier 

transform approach is compared to that obtained with the integral equation approach (and 

equivalent currents over a plane closer to the AUT) using a much smaller scan area. The 

radiation pattern results from the two cases are shown to agree out to 40° from the 

11 Interestingly, in [24] it is shown that if the scan areas are infinite in size the direct Fourier transform 
approach and the integral equation approach are mathematically identical. It is furthermore explained there 
that "the integral equation method is not creating information that is not there in the measured data. The 
integral equation method has less truncation error" since it is in essence using a model-based-parameter-
estimation technique and so "will always provide higher resolution than the conventional" the Fourier 
transform back-projection procedure. Perhaps a more fundamental explanation is that provided by the 
authors of [45]. They explain that when we use of the direct Fourier transform (plane wave spectrum) 
approach on the near-field data information is lost since only the visible part of the spectrum - those points 
of the spectrum (k ,k ) inside the circle of radius k - is available, which implies a resolution of one 

wavelength in the reconstructed currents. 
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broadside direction. Unfortunately they do not show how well the direct Fourier 

transform approach performs using the smaller near-field data set. It is claimed that the 

integral equation approach has the potential to use a near-field data set that contains only 

25% of the data points used in the Fourier transform approach for the same angle of 

validity. However, even if this were to be shown (in a more robust way using many 

different AUT types), the processing time for each frequency is very much larger than 

that of the direct Fourier transform approach12. What one gains in data acquisition time 

one loses in processing time. One can argue that an AUT can be tested and then removed 

while its data is being processed, so freeing up the PNF range for the next AUT. In 

practice it is more likely that engineers would want to see what the performance is before 

dismounting it; this is especially true when the PNF range is being used as a diagnostic 

tool or an antenna is being calibrated or fine-tuned in some way. 

2.5.3 Near-Field Data Selection over the Scan Plane 

In [44], the authors "investigate alternative sampling techniques that reduce the 

time required to collect the near-field data". This is perhaps the first published work that 

is explicitly aimed at test time reduction. The technique, "which reduces the number of 

sample points by 50%, makes use of the derivative theorem in Fourier transform theory" 

[44]. While conventional sampling theory requires one to sample the near-field data 

points at twice the highest spatial frequency, there is a more general sampling theorem 

that requires one to sample at only the highest spatial frequency of not only the near-field 

12 One is solving a method of moments problem with unknowns on a surface that is larger than that of the 
AUT. If the AUT is an electrically large reflector, for instance, this could be prohibitive. The computation 
time could be hours, and might require special computation resources. 
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values but also their spatial derivatives. There are a number of drawbacks with this 

approach. Firstly, the near-to-far-field transformation is more complicated, and a probe-

compensation technique does not appear to have been devised for this approach. 

Secondly, and more importantly, suitable probes have not been developed for sampling 

the field derivatives. This might be the reason that, even though the above data reduction 

approach was suggested more than 20 years ago, it has never been taken up by the 

antenna measurement community. 

In Section 2.1 we noted that we implicitly assume that the near-field values on the 

scan plane are zero outside the scan area. Now there is no theoretical requirement that the 

scan area be rectangular in shape. In [45], in order to reduce the number of data points 

required, the author ignores all near-field data points below a certain amplitude, thereby 

forming a scan area whose boundary is of an irregular shape. This approach requires an 

initial exploratory run over a complete large scan area whose size is determined using 

guidelines such as that given in Section 2.4, providing data such as that in the top image 

of Figure 2.4-1 for example. This is used to examine the near-field magnitude contours, 

and those data points whose near-field magnitude values are below some selected 

threshold value are "blanked out", as indicated in the bottom image of Figure 2.4-1, and 

the near-fields at these locations are not sampled (but assumed to be zero) in any 

subsequent near-field scans. In other words, in any following scans, the probe locus is 

such that the probe does not even move to these "blanked out" points. If this is done test-

time reductions of 10%-20% are possible [45]. The disadvantage of this approach is that, 

at least until the particular class of AUT is very well understood, one will always wonder 

if a particular AUT being tested might be such that the near-field magnitude contours are 

30 



perhaps slightly different from those observed in the exploratory run mentioned. This 

could occur if the testing is being done for diagnostic purposes and some adjustments 

have been made to the AUT. 

Near-field amplitude of scan-tauOOO-polOOO.nsi 

X (meters) 
Near-field amplitude of scan-tauOOO-polOOO.nsi 

X (meters) 

Figure 2.4-1: Initial large scan area (top); Scan area with data points (shown 
blackened out) whose near-field amplitude are below a selected threshold value 
ignored (bottom). (After [45]) 
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2.5.4 Near-Field Data Extrapolation over the Scan Plane 

In this approach near-field data is acquired over the scan area. Near-field data 

outside of the scan area (but at points on the scan plane) is estimated using a complicated 

extrapolation algorithm on the available data that takes advantage of information on the 

AUT size [46], [47]. This means one effectively has near-field data over a larger scan 

area than was actually measured. This near-field data can then be used in the 

conventional way to determine the far-zone fields. Because the near-field data occupies a 

larger scan area the angle of validity is larger . This in turn means that for a specified 

angle of validity one can acquire data points over a smaller scan area that would normally 

be required and determine the remaining data points through extrapolation. This would 

potentially lead to test time reduction. Unfortunately, in spite of the use of sophisticated 

regularisation procedures to overcome the ill-conditioned nature of the process, "only a 

few samples outside of the measurement zone can be reliably recovered" [47]. 

2.5.5 Near-Field Data Reconstruction over the Scan Plane 

In order to overcome the limitations of the technique in Section 2.5.4, Bucci et al. 

[48], [49] came up with a different idea. It uses the so-called sampling representation [50] 

that exploits known geometrical information about the AUT (namely its size, and thus the 

spatial bandwidth of its fields). It is not a mere extrapolation procedure, but uses the 

sampling theory to determine "how the information content of the field radiated by the 

AUT is distributed in the space around the AUT" [49]; hence the term "reconstruction". It 

Alternatively, we can say that the truncation error is reduced. 
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"recovers" the near-field values over the scan plane beyond the scan area accessible by 

the PNF scanner, and is capable of eliminating truncation error. Unfortunately the 

information needed to do so must be obtained by acquiring data through movement of the 

probe not only over the scan area on the conventional scan plane but also perpendicular 

to it. Thus while the method is effective, is not computationally taxing, and could extend 

the applicability of a PNF scanner of limited size (in the xy-plane) as long as it can move 

along the z-axis, it does not lead to test time reduction. 

2.5.6 Plane Wave Spectrum Extrapolation 

Instead of extrapolating the near-field data over the scan plane and then using it to 

find the far-zone fields, the technique described in [51], [52], [53] extends the plane wave 

spectrum itself. The ill-conditioning of numerical processes that perform such tasks (and 

hence their susceptibility to noise) is circumvented by extending the spectrum subject to a 

constraint that the equivalent source is concentrated in the AUT aperture14. The particular 

numerical technique uses an iterative technique called the method of alternating 

projections, in particular a specific case thereof called the Gerchberg-Papoulis algorithm. 

It starts by taking the original acquired data and finding the plane wave spectrum. This 

plane wave spectrum has a limited "reliable region" (within the angles of validity). This 

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 is then found from this constrained aperture distribution. This plane wave 

spectrum will have points outside the reliable region. These are retained. However, the 

14 Once again, known information on the AUT is being used to advantage. 
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plane wave spectrum samples that lie in the reliable region are replaced by the starting 

values. These are then projected back to the aperture plane and the steps mentioned 

earlier repeated iteratively, until some convergence criteria are met. Examples of such 

criteria are given in [51], [52], [53]. Although not mentioned by the authors, it is known 

that the method of projections (no matter what it is used for) is susceptible to so-called 

"traps and tunnels", and may not converge, [54], [55]. This would not be acceptable in an 

antenna measurement environment. Further testing of the method in [51], [52], [53] 

might reveal that this is not the case for this specific application, but with the limited two 

cases checked (one synthetic, the other experimental data) one cannot be certain of this. If 

indeed so, this could be an effective method for test time reduction, especially since the 

computing time is much less than that of the integral equation methods described in 

Section 2.5.2. 

2.6 Concluding Remarks 

It is the data acquisition time (that is, the actual physical movement of the probe) 

that dominates testing time, since it is measured in minutes and hours, whereas data 

processing time (at least when using the FFT approach to obtain the far-zone fields from the 

scan plane data) is measured in seconds. This was not necessarily the case in the earlier days 

of PNF testing, but is certainly so now. 

Although not the major contribution of this thesis, the implementation details 

presented in Section 2.3 are not readily available elsewhere in their entirety, and so it was 

useful to provide them here. Section 2.4 points the reader to the important references that 

have examined errors in PNF measurements, and an important rule-of-thumb that relates 
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the angular range over which a reliable far-zone pattern can be obtained to the available 

scanning area, the AUT size and the distance between the probe and AUT. 

Section 2.5 gives a review of work that has been done to reduce the truncation 

error associated with the given finite scan area of a PNF system. The idea in the reviewed 

work is that if the truncation error can be reduced for a given scan size then it is possible 

to obtain far-zone patterns out to a larger angle off broadside than would normally be 

possible using the conventional approach of Section 2.2. This might at first glance seem 

to be the obvious way to go to reduce test times, and yet there does not seem to have been 

a rush to implementing any of it. This is due to one or more of the following reasons: 

a) The additional computation that is needed becomes prohibitive (even by present 

standards) when the AUT is electrically large, which is precisely the regime 

where PNF testing is most widely used. 

b) The computational problem is beset with ill-conditioning problems. This would 

be unacceptable in an antenna test environment. 

c) Additional data points are required that do not lie on the PNF measurement plane 

(or on a cylinder or sphere) but on planes orthogonal to the measurement plane. 

This is either inconvenient or simply not possible with standard PNF systems, and 

anyway does not reduce test times. 

d) The computations required might be susceptible to so-called "traps and tunnels" 

and may not converge. 

In Chapter 3 we therefore propose a test time reduction approach that builds 

feedback (that is, adaptivity) into near-field measurements. 
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CHAPTER 3 - THE ADAPTIVE ACQUISTION TECHNIQUE 

3.1 Introduction 

This chapter presents the idea that forms the principal contribution of this thesis, 

namely the adaptive acquisition technique. The concept behind the technique is 

described in Section 3.2. In Section 3.3 we explicitly state the requirements for our 

decision functions, which are defined in detail in Section 3.4. Finally, Section 3.5 

concludes the chapter. 

3.2 The Adaptive Acquisition Concept 

Before we explore the details of the adaptive acquisition technique, we should first 

briefly describe the conventional PNF acquisition method. The probe starts in one corner of 

a predefined scan plane and travels along one dimension, acquiring samples at a given 

sampling frequency. When the probe reaches the scan plane boundary it changes direction 

and travels for one sample along the other dimension, changes direction again and travels 

back along the original dimension. This process is repeated until the complete scan plane 

has been traversed. However, most PNF scanners can be programmed to make the probe 

follow other loci. 

For the adaptive acquisition technique we assume that we have an existing 

conventional PNF facility and operation. The goal is to reduce near-field data acquisition 

time by requiring fewer data points. We recognised that the far-zone field computation time 

is very small compared to the data acquisition time even if such computation is done 
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repeatedly (while data is being acquired). This fact does not appear to have been 

previously recognised or exploited by others. The proposal 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. This work represents a first step in 

moving towards building feedback/adaptivity into near-field measurements. 

Figure 3.2-1 shows, merely for purposes of illustration, an antenna array of 5 x 5 

elements, superimposed on which is an array of sampling points over a planar surface in 

front of the antenna. The adaptive technique utilises a probe that moves on a rectangular 

spiral type locus15 (as indicated), encompassing an increasingly large number of sampling 

points as it moves. Imagine that we have a collection of sampled near-field values at the 

(n-l)th stage, as indicated by the locus ( ) in Figure 3.2-1. We then let the probe 

continue along its data acquisition path until at the nth stage we have an additional 

number of data points, as indicated by the locus (— — —) in Figure 3.2-1. We can define 

this acquisition process in terms of a number of iterations, n = 0,1,2, ,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 as the end of a new iteration 

(although we will not do this here). We have here indicated a specific probe locus, which 

is the one that is examined in this thesis. However, the method is equally applicable to 

other probe loci. 

This rectangular spiral acquisition path does not require any modifications to the mechanical system for 
moving the probe, as it only moves in either the x or y dimension. Developing the software to control the 
probe in the proposed method is the only upgrade that would be necessary, and is a relatively minor task. 
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Figure 3.2-1 Sketch showing 5 x 5 element array (+), possible sampling points (o), 
and probe paths after (/i-l)th ( ) and nth (— — —) iterations. 

At the end of each scan iteration we need to calculate decision functions to decide 

whether or not to terminate the PNF data acquisition. If we can define such decision 

functions so that they provide a measure of the accuracy with which an identified 

performance index (eg. directivity of the main beam; maximum sidelobe level; root-mean-

square sidelobe level) is being determined at each scan iteration, then the PNF 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, in this way minimising the amount of testing time. 

Most PNF probes have a single linear polarization which means they can only 

acquire one component of the near-field at a time. The near-field over the full scan plane 

is acquired in one polarization first (say Ey). The probe is then physically rotated by 90° 

and the data is reacquired over the same scan plane for the orthogonal polarization (Ex). If 
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the adaptive method is applied using such a single polarized probe then one would scan 

outwards (with the probe set to the dominant polarization) until a decision function 

recommends termination of the scan. Then the reverse path would be scanned by 

spiralling inwards with the probe set to the orthogonal polarization. In some cases, indeed 

in those cases where test times are of the essence, engineers often use dual-polarized 

probes16, which acquire both components simultaneously and then only a single outward 

scan would be needed. 

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. Probe correction could be done at each 

iteration step because it adds negligible computation time, but is not necessary. 

3.3 Decision Function Requirements 

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

• It must have a behaviour that allows us to boldly apply a stopping-criterion (that 

is, take an unambiguous decision that the PNF data acquisition may be 

terminated). 

• It must be such that, when we apply a stopping-criterion, we end up with what we 

actually want. 

In fact, in some cases only the dominant polarization is measured if precise cross-polarization levels are 
not required. 
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3.4 Decision Function Definitions 

1 7 

There are three categories of decision functions defined in this thesis : 

• DFE - those based on the differences of the far-zone radiation patterns obtained 

from the nth and the (n-\)th near-field scan iterations 

• DFD - those based on the differences of the antenna directivity determined from 

the near-field data of the «* and the («-l)th scan iterations 

• DFN - those based on an estimate of the fractional truncation errors within the 

far-zone region of validity for a given scan iteration. 

Each category then contains three types of calculations: 

• 1 - average of the parameter calculated 

• 2 - maximum of the parameter calculated 

• 3 - value of the parameter calculated at particular locations in the radiation pattern 

(that is, in a particular direction) 

For example, we will refer to the decision function that evaluates the maximum 

directivity difference as DFD2. We will also refer to the group of DFE decision 

functions as DFE??, and similarly for DFD and DFN. 

The details of the decision functions are described in depth in the following 

sections. 

These will be determined from the complete three-dimensional pattern data an not just principal pattern 
cut data. 
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3.4.1 DFE1 - Average of E-Field Differences 

The first decision function, DFE1, is calculated in co- and cross-polarized 

components as: 

F„co=201og 

^max ''max / • \ 

zzK(^.^)|/»M)|} 
1=1 j=\ 

max max 

(3.4.1-1) 

F / ^ 20 log 

'max •'max / • \ 

EZKM)|/;(^.^)|} 
i=i j=\ 

max max 

(3.4.1-2) 

where the value of /c"(^,,^j is found by subtracting the magnitude of the normalized co-

polarized far-zone E-field from the current scan iteration, E"^,^), by the magnitude of 

the normalized co-polarized far-zone E-field from the previous iteration, E"~l (#,-,0•), 

f^o^E-M^-E-Jie^). (3.4.1-3) 

th The normalized co-polarized far-zone E-fields for the current, n , and previous, 

\th (n-l) , scan iterations are found using: 
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^ccNorm Vro ' To ) 

Eco {9t>tj)=y„ 77—-x • (3-4-1-5) 

The normalization factor, is"0Normid0,(/)0), is the same for the nth and (n-\)A iteration and 

is simply the maximum value of \E"0 (#,, ̂ >j 1 for the n scan iteration, 

E:OiNorm(0o^o) = max(\E:o(0l^J)\). (3.4.1-6) 

The values for the cross-polarized case are defined in a similar way using: 

f:{0lt4j)=K(elt4j)-E^(elt4j) (3-4.1-7) 

K(MJ)= , \ (3.4.1-8) 
Eco,Norm \^o'%) 

Kr-
l(0,^)= l ^ ' ^ l (3.4.1-9) 

co,Norm \ o ^TO) 

and £"O,M>™ (0O»&) i s defined as in 3.4.1-6. 
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The decision function also contains two input variables that can be used to: 

• limit the region of the far-zone for use in the decision function based on 

constraining the far-zone elevation and azimuth angles, 0 and </> 

• apply a lower limit for the values of \E"g\6i,$j J and \E"r [9i,<pj 1 which essentially 

sets the dynamic range for the data used in the decision function, given in dB 

The co-polarized lower limit, PDFE co in dB, for this decision function is set so that 

any value of the normalized far-zone field, L E " ^ , ^ ] , that is less than PDFEco is set to 

p 
1 DFE,co ' 

IE" (9,d)i 
CO \ I ' TJ J\ 

K(0^)\ //2oiog|£;o(6',-,^)|>Jp/ 

Otherwise 

DFE,co 

1 f)^DF£' ,/20 
(3.4.1-10) 

A similar, but not necessarily the same, lower limit can be applied to the cross-polarized 

data such that, 

\E" (e,6 \\ = 
cr \ I'TJ J\ 

|C(0,4)| //201ogfe(^,^)|>PDra>c 

10 PnFFrrW Otherwise 
(3.4.1-11) 
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A similar method is used to apply PDFEco and PDFEco to E"co
x (O^Qjj, and 

E"r' (0,-,0y) • Setting appropriate values for PDFEco and PDFEco enables us to ignore the 

differences between the nth and (n-l)th scan iterations that occur at very low dB values, 

such as in the pattern nulls. 

Figure 3.4-1 shows the effect of setting the PDFEco on the co-polarized far-zone 

radiation pattern of a Horn antenna. The left image shows the original radiation pattern 

with no PDFEco set, while in the right image PDFEco = -50 dB. 
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Figure 3.4-1: Effect of PDFE co on the calculated far-zone E-field for the (j> =0 cut of a 

Horn antenna. The left image does not have a lower limit applied, while in the right 
image P 0 = - 5 0 d B . 

The second set of input variables are weighting functions, w (0,,^,) and 

w {0i,<f>j) for the co- and cross-polarized cases, that can used to scale the far-zone 

radiation patterns by setting a factor for each Gi and <f>j. In this thesis, the weighting 

functions have been implemented in such a way as to set a far-zone region of interest by 
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limiting the values of 6. Any values of the normalized far-zone that are equal to or lie 

outside the set 8mm and #max boundary are set to 0 and not included in the decision 

function calculation. This has been accomplished by creating a mask that has a value of 

1 inside the set angular region, and 0 on the boundary and outside. Strictly speaking, the 

w \Pi,<l)j) and w (0,-,^-J weighting functions are based on both 0 and </>, however in 

practice only 0 will be used. 

cmd</> <</>co 

coV J> 0 otherwise 

(3.4.1-12) 

w [9l,(f>j)=< > 
cr [0 otherwise J 

(3.4.1-13) 

Figure 3.4-2 shows the effect of setting of the weighting function w (0,,^,). 

The left image shows the original, unconstrained co-polarized far-field radiation pattern 

of a Horn antenna. In the right image we have set #comin to -30° and 0CO max to 30°, 

essentially setting the angle off broadside to be ±30°. 
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• 

I 
Figure 3.4-2: Effect of w (#,, <j>j) on the far-zone E-field of a Horn antenna. In the 

left image, no weighting function has been applied, while in the right image 6co nin = 

-30° and 9co^ = 30°. 

If the normalized radiation pattern magnitude in direction (6*,^) is EdB, and we 

wish the uncertainty there to be ±kdB, then we require : 

201og|./£(<9/,*,)| < £,B+201og{l-10-A-/20 (3.4.1-14) 

Table 3.4-1 shows the values of 2Olog|/c"o(0,,^)| for various combinations of EdB and 

AdB; these are also plotted in Figure 3.4-3. 
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Table 3.4-1: DFE/f values required for an uncertainty, ±AdB, at a normalized 
pattern level, EdB 

Uncertainty A.dB 

0.1 

0.2 

0.5 

1 

1.5 

2 

Level of Normalised Pattern EdB 

0 

-38.8 

-32.8 

-25.5 

-19.3 

-16.0 

-13.7 

-10 

-48.8 

-42.8 

-35.0 

-29.3 

-26.0 

-23.7 

-15 

-53.8 

-47.8 

-40.0 

-34.3 

-31.0 

-28.7 

-20 

-58.8 

-52.8 

-45.0 

-39.3 

-36.0 

-33.7 

-25 

-63.8 

-57.8 

-50.0 

-44.3 

-41.0 

-38.7 

-30 

-68.8 

-62.8 

-55.0 

-49.3 

-46.0 

-43.7 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 
Uncertainty (dB) 

Figure 3.4-3: Plot showing DFEn values required for an uncertainty, ±AdB, at a 
particular normalized pattern level, EdB 
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3.4.2 DFE2 - Maximum of E-Field Differences 

The DFE2 decision function focuses on the maximum difference between the far-

zone radiation E-field from the current and previous PNF scan iterations, and is 

separately in the co-polarized and cross-polarized cases as: 

F™ =201og{max{W c o(^,^)|/;o(^,^)|}} (3.4.2-1) 

F: =201og{max{W C T(^,^) | / ;(^,^) |}} (3.4.2-2) 

The definitions of the components of expressions (3.4.2-1) and (3.4.2-2) are the same as 

forDFEl in Section 3.4.1. 

The lower limit, PDFE c0 a n d PDFE cr, as well as the weighting functions w \9i, <p.) 

and w \Pi,(l>j) are also applied to DFE2 as described in the section on DFE1. It should 

be noted that the maximum difference is found after the w (#,,0,) and w (#,,^,) have 

been multiplied with the L/£ (3,^)1 and k"(^ . ,^ . ) | . 

3.4.3 DFE3 - Difference of E-Fields at a Defined Point 

This decision function is related to DFE2, except that instead of evaluating the 

decision function at the maximum difference between the current and previous scan 

iteration, DFE3 evaluates the difference only at some pre-defined point, (#,,$,) . DFE3 

is expressed in co-polarized and cross-polarized form as: 
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F;° = 2oiog{Wco(^/,^)|/c;(^,/,^)|} 

C = 20\og{wcr (e^Ar, )\fc"r [e^Arj )|} 

(3.4.3-1) 

(3.4.3-2) 

where (dCOI,</>COJ) and \OcrI,<l>crj) are the pre-defined far-zone locations for the co-

polarized and cross-polarized components, which do not necessarily have to be the same 

point. The definitions of the other components of expressions (3.4.3-1) and (3.4.3-2) are 

the same as in Section 3.4.1 on the DFE1. 

The lower limits for DFE3, PDFEco and PDFEcr, as well as the weighting functions 

w (#,, (f>j) and w \6i, </>j jare also applied as described in Section 3.4.1. 

3.4.4 DFD1 - Average Directivity Differences 

DFD1 follows the same procedures as DFE1, except that the directivity of the 

AUT is used instead of the far-zone radiated E-fields. The co-polarized and cross-

polarized components of the decision function are evaluated as: 

pCO _ 

*max •'max / . \ 

'=i y=i 

max max 

(3.4.4-1) 
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F" = 

^max •'max / . \ 

XXM^)|/;M)|} 
1=1 ; = i 

max max 

(3.4.4-2) 

Directivity is an absolute performance measure itself, and is always expressed in 

dBi. We want to compare its value in dBi from the nih and the (n-l)* iterations to 

determine if we are homing in on some final value. As such, the magnitude of the 

directivity from the current PNF scan iteration is subtracted by the magnitude of the 

directivity from the previous scan iteration for both the co-polarized and cross-polarized 

partial directivities, 

£(0„4) = |lOlog Z£(0p^)|-|lOlog A T ' M J (3.4.4-3) 

/;(^,^) = |ioiog|D;r( ,̂̂ )||-|ioiogZ)c7
,( ,̂̂ )| (3.4.4-4) 

In general, the directivity D(6,fi) is given by [1]: 

D(0,<P) = 4TT 
u(ej) 

(3.4.4-5) 

The function U{0,(f) is the power radiated by the AUT per unit solid angle and Pm is the 

total radiated power, 
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i/(M=^|£,(M2+WMJ 

p« = f f^CM^ sin #d#. 

(3.4.4-6) 

(3.4.4-7) 

This decision function uses the partial directivities, Dco(0,</>) and Dcr{6,(/)), 

which are defined as, 

DC0{e,<t>) = A7i £UM (3.4.4-8) 

ucMt)=^ho(wf. (3.4.4-9) 

for the co-polarized case and 

Dcr(0,<p) = 4x MM (3.4.4-10) 

Ucr(8,<fi) = ±\Ecr(0,<f>f (3.4.4-11) 

for the cross-polarized partial directivity. 

P is evaluated in [2] as: 

56 



p = 
1tot 2krj0 

Re n \Ax(kx,k) (k-ky) 
1 MxMy + 

k2+k2<k2 

ff \^y^x^y) (k-kx) 
JJ ' 1 dk^y 

L ' y 
k2+k2<k2 

+ 11 K^y •^x\kx•>ky)A{kx,k ) + Ax(kx,k )A (kx,k ) 
dkxdk 

k;+k;<k2 

(3.4.4-12) 

The integrals in the above expression were implemented in MATLAB using 

Simpson's numerical integration [3], which was based on the MATLAB function trapz, 

and can be found in Appendix A. 

Similar to the previous decision functions, there is also a limiting factor for the 

co- and cross-polarized cases that can be applied to the directivity decision functions. 

However the values of PDFD co and PDFD cr specify a limit below the maximum directivity 

for the current scan iteration, 

jy„(oj)= 

K{?>+) = 

ir„{e,*), ifD:0(e,<f,)>Max(D:0(e,</>))-pL DFD,co 

DFD,co' otherwise 

Dn
cr {e,<f), ifDn

cr (0,<p) > Max{D"cr (9,<p))-PDFD,cr 

D"r {G^)~ PDFD,cr > otherwise 

(3.4.4-13) 

(3.4.4-14) 

The same maximum directivity found for D"0(&,<f>) is used for D"co
x{6,(f) when 

applying PDFD co to the previous scan iteration, and similarly for the cross-polarized case. 
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The weighting functions, w [0i, <j)j) and w [0i, <f>i J are applied using the same 

method as described in Section 3.4.1 on the DFE1. 

3.4.5 DFD2 - Maximum of Directivity Differences 

DFD2 follows the same method as DFE2, except that instead of the maximum 

difference in the far-zone E-fields, the maximum difference in the directivity between the 

current and previous scan iterations are used in the decision function. The co-polarized 

and cross-polarized components of DFD2 are defined as: 

F» = { m a x ( W a , ( ^ ) | / » ( ^ y ) | ) } (3-4-5-1) 

Fn
cr = {max( W e r (^ ,^) | / c : (^ ,^) | )} (3.4.5-2) 

The derivation of fc"0 (0t,<j>j) and fc"r (#,,<j>j) follow the same procedure as DFD1. 

The application of the weighting functions w (^,,^;) and w [O^Qj) is as described in 

Section 3.4.1, and the limits PDFDco and PDFDcr are as described in Section 3.4.5. 
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3.4.6 DFD3 - Difference of Directivity at a Defined Point 

DFD3 follows the same derivation as DFE3, except that the calculated directivity 

of the antenna is used instead of the E-fields. As with DFE3, DFD3 is evaluated at some 

pre-defined far-zone point, (#, ,$,) , and the co- and cross-polarized components are:, 

K° ={^0{Oc0,Aoj)\fnco{^Aoj% (3A6-1) 

K ={^A9crjA^\f:\0Cr,Arj% (3-4.6-2) 

where {dC0?1,<f>C0?J) and (dcrJ,^c/.j) are the pre-defined far-zone locations for the co-

polarized and cross-polarized components, and are not necessarily the same point. The 

definitions for the remaining elements of Fn are the same as in Section 3.4.4. 

The application of the lower limits PDFDco and PDFD>cr, and the weighting 

functions w (8COJ,<f>COiJ) and w {Ocr!,tpcrJ), are again the same as in Section 3.4.4. 

3.4.7 DFN1 - Average of Fractional Plane Wave Spectrum Error 

The act of reducing the scan plane size will ultimately result in truncation errors 

in the valid region of the calculated far-zone field, and a decision function based on an 

estimate of the fractional plane wave spectrum error due to scan plane truncation is 

described in this section. 
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The fractional plane wave spectrum error measurement is adapted from [4]18, such 

that the fractional error in the valid region due to scan area truncation for the current scan 

iteration is given in the x and y components as: 

<A-

\E"x(x',y')ejk>x'eJk>ydt' 

2K cos yn jJE"x(x',y')ejKx'ejk"ydx'dy' 

(3.4.7-1) 

\A"y(^K)\ 
<X-

\En
y(x',y')e

Jk*x'ejk>ydl' 

2K COS ya \\E"y(x',y')eJKx'eJk>ydx'dy' 

(3.4.7-2) 

The values of E"(x',y') and E"(x',y') are the actual sampled PNF data for the 

„th n iteration, and ymax is the maximum acute angle between the plane of the scan area and 

any line connecting the edges of the antenna aperture and the edges of the scan area, as 

illustrated in Figure 3.4-4. One can easily see that the angle xmax *s onty acute once the 

aperture of the AUT has been scanned, and is maximum when the largest AUT aperture 

dimension is used. Â  and A^ are the near-field sample spacing in wavelengths, and A 

is the wavelength of the AUT. 

There is a typographical error in the denominator of formula (48) in [4]. Correspondence with A. 
Yaghjian, who originally derived (48) confirmed the corrected version is given in this thesis as (3.4.7-1) 
and (3.4.7-2). Note that these expressions do not include the 8X and 5y that appear in (48) of [4] since we 
write the denominator as a surface integral and not just a summation. 
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Figure 3.4-4: ymax for DFN1. The maximum acute angle occurs once the aperture 
has been scanned and when a is the largest AUT aperture dimension. 

The numerators in the above expressions are contour integrals along the boundary 

th 

of the n scan iteration. The contour integral in the numerator was evaluated using the 

four line integrals found in expressions (3.4.7-3) to (3.4.7-6), and as indicated in Figure 

3.2-1. 
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<p 
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D=»\ 
• _^^-»-^4 

Line _y = j>3 

Figure 3.4-5: Sketch showing contour integral in the numerator of expressions 
3.4.7-1 and 3.4.7-2 

Along Line#l 

AM 

Fx
(1) (kx, ky) = j X (*', y')ejk>x'ejk>y' d£' = ejk^ JEX (x',y, )ejk>x'dx' = Ax ejk'yi £ Ex (nAx, y,) e jkxnAx 

n=0 

(3.4.7-3) 

Along Line#2 

F*2)(K,ky) = \Ex(x',y')ejk>x'ejk>y'dl' = e** \EX(X2,y')eJk'y'dy' = Ayejk^YjEx(x2,mAy)e 
jk mAy 

m=0 

(3.4.7-4) 
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Along Line#3 

J V - l 

F?\kx,ky) = JEx(x',y')eJKx'ejk'y dt' = ejk^ JEx(x',y3)e
jk*x'dx' == AxeJk>y3'£dEx(nAx,y3)e

Jk>**x 

n=0 

(3.4.7-5) 

Along Line#4 

J V - l 

F?\K>ky) = JEx(x',y')eJ^ejk^' df = ejk>*> \Ex(xA,y')ejk>y' dy' = Ayejk^YJEx(x4,mAy)e 
jk m&y 

y-i m=0 

(3.4.7-6) 

If the x-component is the principal near-field component on the scan plane, then 

the error in the co-polarized directivity can be estimated [5] in terms of the fractional 

error by 19 

AD(kx,kv) = ±2 
A4 (*„*„) 
A"x(kx,ky)\ 

D(kx,ky) (3.4.7-7) 

19 The expression for the fractional error of the plane wave spectrum is provided in [3]. It is used to obtain 
Fig. 8 of [3]. However, reference [3] omits to say exactly how this needs to be done, something that is not at 
all obvious. One needs [4] to obtain the relationship between the fractional error of the plane wave 
spectrum and the directivity uncertainties. 
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If Ey is the principal component then we of course use \AA"\/\A"\ instead. Note that 

\AA" (kx, ky) /\A" (kx, ky) is not expressed in dBs in the above expression or in the 

expressions immediately below. Yaghjian [5] then goes on to show that 

AZr(*„* y ) = 201og x' y 1± 
Mn

x(kx,kJ 

\An
x(K,ky)\ 

(3.4.7-8) 

and that for small values of \AA"(kx,ky)\/\A"(kx,ky)\, which is the case when we use a 

decision function to terminate a PNF scan , 

ADaa(kx,k) = ±8.7 
A4&M 

x7 y |4"(*„*,)| 
(3.4.7-9) 

These expressions give AD in any direction (it could be in the direction of the 

pattern maximum or some sidelobe) with the appropriate value of \AA" /U" in that 

direction being used. What this means is that if we have a measured21 directivity DdB in 

some direction then in that direction the actual directivity lies between DdB + ADdB and 

DdB - ADdB. In other words, the length of the error bar (in dBs) in the directivity in this 

20 Although the error in the directivity is in dBs, quantity A/4" (kx, k ) \ / \A" (kx, k ) in (3) is not in 

dBs. 
21 Using a PNF scan of some finite size. 
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direction is 2 AD . Figure 3.4-6 and Table 3.4-2 provide some useful numerical values 

obtained from expression (3.4.7-9). 

Table 3.4-2: Error in directivity based on evaluation of (3.4.7-9), for a given 
fractional error in plane wave spectrum 

Fractional Er ror in Plane 
Wave Spectrum (dB) 
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Er ror in 
Directivity (dB) 

8.7 

4.899 

2.758 

1.549 

0.87 
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0.009 
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Figure 3.4-6: Error in directivity based on evaluation of 3.4.7-9, for a given 
fractional error in plane wave spectrum 

The decision function is expressed in co-polarized and cross-polarized form as: 

F ; = 201og 

II 
,=1 j=\ 

wx(kx,ky) 
K"M,)| 

A"{K*y) 
max max 

(3.4.7-10) 

F/=201og 

w, ,ykx,kyj 
KMJ 

A;(k*M 
max max 

(3.4.7.11) 
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The weighting functions wx(kx,k) and w (kx,kyj are applied as follows: 

(, i \ J1 ifk^>Krnm^dkx<kxmmandk>kmandk<k\ 
w [kx,k) = \ \ x [0 otherwise J 

(3.4.7-12) 

(i i \ \l if^>Kmin^dkx<kxmaxandky>kymmand 
ky < *>,ma* 

^ "' y' lo otherwise 

(3.4.7-13) 

The [kx,ky\ can be converted in to {0t^\ using expressions (2.2-20) and (2.2-21), and 

vice-versa. 

As with the previous decision functions there is also a limiting factor for the 

fractional plane wave spectrum error decision functions. However, the lower limit is 

applied to the contour integral and the surface integral of expression (3.4.7-1), and 

similarly for the y-components in (3.4.7-2). This lower limit was implemented due to the 

pattern nulls that occur in the surface integral of the denominator of (3.4.7-1) and (3.4.7-

2), which lead to large noise-like spikes in the resulting fractional error estimate. The 

lower limit is applied in the same way as in the directivity decision functions, 

4"M„)= 
A"x(kx,ky), ifAn

x(kx,ky)>Max(A"x(kx,ky))-PDFKx 

A" (K>ky)-PDFN,X. otherwise 
(3.4.7-14) 
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4 M ) = 
A"y(kx,ky), i/A"y(kx,ky)>Max(A;(kx,ky))-PDFN!y 

A"(kx,ky)- PDFNy, otherwise 
(3.4.7-15) 

3.4.8 DFN2 - Maximum of Fractional Plane Wave Spectrum Error 

DFN2 is defined much in the same way as DFE2 and DFD2, 

^=201og< max<̂  w. \kx,kyj 
K" (*,.*J 
k(*..M 

(3.4.8-1) 

F / = 201og max< w, •{K'ky) 
\AA"(k ,k )\ 
\ y \ x' y ) \ 

KMJ 
(3.4.8-2) 

The x and y components of DFN2 are evaluated at the \kx, ky) point at which the 

maximum value of wx(kx,ky) AA"\ A"\ and wy(kx,ky)\AAy\/\A"\ occurs, respectively. 

The elements of the above expressions (3.4.8-2) and (3.4.8-3) are defined as in Section 

3.4.7, as is the application of the lower limits PDFN,X and PDFN^-
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3.4.9 DFN3 - Fractional Plane Wave Spectrum Error at a Defined Point 

This decision function uses the same fractional plane wave spectrum error as 

defined in DFN1 and DFN2, except that in this case we evaluate the error estimate at 

some pre-defined (kx,k\. The decision function is defined as 

F;=201og w. \K,X>'Cy,X 

AA"x(kx<x,kJ 

\AX \kx,X>ky,x)\ 

(3.4.9-1) 

?y — 20 log w, \K,Y>ky,Y) 
|H"(*X,.* , , ) | 

\Ay (^,y»S,y ) 
(3.4.9-2) 

where {kxX,kyX\ and (kxY,kyY) are the location pre-defined x and y components, and 

are not necessarily the same point. The derivations of other the elements of expressions 

(3.4.9-1) and (3.4.9-2) follow the same procedures as DFN1 in Section 3.4.7, as is the 

application of the lower limits PDFN,X and PDFNO" 

3.5 Concluding Remarks 

The far-zone field computation time is very small compared to the near-zone data 

acquisition time even if such computations are done repeatedly while the data is being 

acquired. These computations can then be used as part of an adaptive algorithm intent on 

reducing the amount of data that has to be acquired by providing some feedback measure 
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about the data. This has the potential to reduce the overall antenna testing time. A 

secondary, yet equally important result is that the feedback can be used as a type of real­

time quality assessment of the near-field scan, allowing the measurement to be 

terminated with confidence. This work represents a first step towards building 

feedback/adaptivity into near-field measurements. The method has been implemented in 

the MATLAB-based code APNF, which will be used in Chapters 4 and 5. 
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CHAPTER 4 - DATA SETS USED TO EVALUATE 
DECISION FUNCTIONS 

4.1 Introduction 

This chapter presents the PNF data sets that will be used to evaluate the developed 

decision functions. Some initial comments are given in section 4.2. Sections 4.3 through 

4.7 present the characteristics of the individual antennas, and the chapter's concluding 

remarks are in section 4.8. 

4.2 Preliminary Comments 

We initially considered using a theoretical analysis that allowed us to quickly 

compute both the near-fields and far-fields of a planar array of Hertzian dipoles. In fact 

such a simulator was developed. However, as the investigation progressed, it became 

clear that it would be more convincing to use actual experimentally acquired near-field 

data, measured using conventional PNF techniques. This data was chosen to be a 

representative set of antennas typically measured using the PNF technique. We have used 

such data for five different antennas. The details of the PNF data and associated antennas 

are provided in the sections that follow. 

4.3 Offset Reflector Antenna 

The details of the PFN scan of the offset reflector antenna can be found below in 

Table 4.3-1. Reflector antennas have a wide application and are typically found in radar 
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and communication systems. Figure 4.3-1 and Figure 4.3-2 show the Ex and Ey 

components of the sampled PNF data. Figure 4.3-3 shows the calculated directivity of 

the reflector versus PNF scan size. Figure 4.3-4 through Figure 4.3-7 show the principle 

pattern cuts for the far-zone Eco and Ecr calculated using the complete PNF data set. 

Table 4.3-1: PNF scan information for the offset reflector antenna 

AUT Size 

Actual PNF Scan Size 

PNF Number of Samples 

PNF Sample Spacing 

Probe to AUT Distance 

Frequency 

PNF Probe Polarization 

Rule-of-thumb Far-Field Angle 

Calculated Directivity 

Principle Near-Field Component 

Width = 0.489 m 

Width =1.54 m 

x=125 

x = 0.0124 m 

Height = 0.572 m 

Height = 1.63 m 

y = 133 

y = 0.0124 m 

0.300 m 

12.0 GHz 

Probe 1 = Ey 

60°, x 

Probe 2 = Ex 

60°, y 

37.13 dBi 

Ey 
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Figure 4.3-1: Near-field ^ ( x y ) ! sampled over the scan plane for the offset reflector 
antenna, normalized to Ey, in dB 
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Figure 4.3-2: Normalised near-field \Ey(x,y)\ sampled over the scan plane for the 
offset reflector antenna, in dB 
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Figure 4.3-3: Co (o) and cross (x) polarized directivity of the offset reflector 
antenna based on near-field scan size 
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Figure 4.3-4: Normalized far-field \EC0{G,(j))\ of the offset reflector antenna for 
pattern cut^=0° 
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Figure 4.3-5: Far-field |iscr(#,^)| of the offset reflector antenna for pattern cut^ : 

0°, normalized to \ECO(8,0)\ 
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Figure 4.3-6: Normalized far-field \ECO(0,0)\ of the offset reflector antenna for 
pattern cut^= 90° 
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60 

Figure 4.3-7: Far-field \Ecr( 9, </> )| of the offset reflector antenna for pattern cut^: 

90°, normalized to \Eco(0,</>)\ 

Figure 4.3-8 shows the rule-of-thumb valid far-zone angle off broadside based on 

the PNF scan size (in samples per side) for the offset reflector antenna. The largest 

aperture dimension of the AUT is represented by the black vertical line. 
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Figure 4.3-8: Rule-of-thumb valid far-zone angle off broadside for the offset 
reflector antenna. The vertical line shows the AUT aperture 

4.4 Horn Antenna 

Details about the PNF scan of the horn antenna can be found below in Table 

4.4-1. Horn antennas are commonly used as the active element in dish antennas. Figure 

4.4-1 and Figure 4.4-2 show the x and y components of the E-fields from the horn PNF 

data set. Figure 4.4-3 shows the directivity of the horn antenna as a function of scan size. 

Figure 4.4-4 through Figure 4.4-7 show the principle pattern cuts for the far-zone Eco and 

Ecr, using the complete PNF data set. 
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Table 4.4-1: PNF scan information for the horn antenna 

AUT Size 

Actual PNF Scan Size 

PNF Number of Samples 

PNF Sample Spacing 

Probe to AUT Distance 

Frequency 

PNF Probe Polarization 

Rule-of-thumb Far-Field Angle 

Calculated Directivity 

Principle Near-Field Component 

Width = 1.2 m 

Width = 3.0 m 

x = 83 

x = 0.0366 m 

Height = 1.2 m 

Height = 3.0 m 

y = 83 

y = 0.0366 m 

1.385 m 

4.0 GHz 

Probe 1 = Ex 

60°, x 

Probe 2 = Ey 

60°, y 

21.1 dBi 

Ex 

3-

2.5 

2 

t> 1.5-

> 

1 

0.5 

0 = 

Figure 4.4-1: Normalized near-field |2ix(.x:,j)| sampled over the scan plane for the 
horn antenna, in dB 
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Figure 4.4-2: Near-field |jE"y(jc,ĵ )| sampled over the scan plane for the horn antenna, 
normalized to Ex, in dB 
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Figure 4.4-3: Co (o) and cross (x) polarized directivity of the horn antenna based on 
near-field scan size 
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Figure 4.4-4: Normalized far-field \ECO(0,0)\ of the horn antenna for pattern cut^: 
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Figure 4.4-5: Far-field j£Tcr(̂ , ̂  )| of the horn antenna for pattern cut^= 0°, 
normalized to |isCo(#,^)| 
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Figure 4.4-6: Normalized far-field |JE"CO(̂ , ̂ ) | of the horn antenna for the pattern 
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Figure 4.4-7: Far-field \Ecr(0,</>)\ of the horn antenna for pattern cut^= 90°, 
normalized to \EC0(d,(f>)\ 
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Figure 4.4-8 shows the rule-of-thumb valid far-zone angle off broadside based on 

the PNF scan size (in samples per side) for the horn antenna. The largest aperture 

dimension of the AUT is represented by the black vertical line. 
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Figure 4.4-8: Rule-of-thumb valid far-zone angle off broadside for the horn 
antenna. The vertical line shows the AUT aperture 

4.5 Planar Array 

The details of the PNF scan of the planar array can be found below in Table 4.5-1. 

Figure 4.5-1 and Figure 4.5-2 show the x and y component of the sampled PNF E-field 

data for the planar array. Figure 4.5-3 shows the calculated directivity as a function of 

PNF scan size. Figure 4.5-4 through Figure 4.5-7 show the principle cuts of the far-zone 

Eco and Ecr based on the complete PNF data set. Based on the characteristics of the 
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planar array PNF data set the maximum far-zone region of validity based on the rule-of-

thumb calculation for this antenna is only 20° off broadside. 

Table 4.5-1: PNF scan information for the planar array 

AUT Size 

Actual PNF Scan Size 

PNF Number of Samples 

PNF Sample Spacing 

Probe to AUT Distance 

Frequency 

PNF Probe Polarization 

Rule-of-thumb Far-Field Angle 

Calculated Directivity 

Principle Near-Field Component 

Width =1.02 m 

Width =1.43 m 

x=105 

x = 0.0137 m 

Height = 1.02 m 

Height = 1.43 m 

y=105 

y = 0.0137 m 

0.533 m 

10.25 GHz 

Probe 1 = Ey 

20°, x 

Probe 2 = Ex 

20°, y 

34.15 dBi 

Ey 
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Figure 4.5-1: Near-field |.Ex(.xy)| sampled over the scan plane for the planar array, 
normalized to Ey, in dB 
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Figure 4.5-2: Normalized near-field |.Ey(jc,y)| sampled over the scan plane for the 
planar array, in dB 
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Figure 4.5-3: Co (o) and cross (x) polarized directivity of planar array based on 
near-field scan size 
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Figure 4.5-5: Far-field \Ecr(0,<fi)\ of the planar array for pattern cut< 
normalized to |2sCo(#.,^)| 
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Figure 4.5-6: Normalized far-field |£"co(^,^)| of the planar array for pattern cut^: 

90° 
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Figure 4.5-7: Far-field \Ecr(0,(f>)\ of the planar array for pattern cut (f>= 90°, 
normalized to |isCo( 9, <j> )| 

Figure 4.5-8 shows the rule-of-thumb valid far-zone angle off broadside based on 

the PNF scan size (in samples per side) for the planar array. The largest aperture 

dimension of the AUT is represented by the black vertical line. As indicated by the rule-

of-thumb calculation the planar array has the smallest far-zone region of validity of all 

the antennas investigated in this thesis. 
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Figure 4.5-8: Rule-of-thumb valid far-zone angle off broadside for the planar array. 
The vertical line shows the AUT aperture 

4.6 Monopulse Reflector Antenna 

The details of the PNF scan of the monopulse reflector antenna can be found 

below in Table 4.6-1. Monopulse antennas are typically used in tracking systems. Figure 

4.6-1 and Figure 4.6-2 show the x and y component of the sampled PNF E-field data. 

Figure 4.6-3 shows the calculated directivity of the monopulse reflector antenna based on 

PNF scan size. Figure 4.6-4 through Figure 4.6-7 show the principle pattern cuts for the 

far-zone co- and cross-polarized E-fields, based on the complete PNF data set. 
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Table 4.6-1: PNF scan information for the monopulse reflector antenna 

AUT Size 

Actual PNF Scan Size 

PNF Number of Samples 

PNF Sample Spacing 

Probe to AUT Distance 

Frequency 

PNF Probe Polarization 

Rule-of-thumb Far-Field Angle 

Calculated Directivity 

Principle Near-Field Component 

Width = 0.508 m 

Width =1.52 m 

x=150 

x = 0.0102 m 

Height = 1.02 m 

Height = 2.03 m 

y=198 

y = 0.0103 m 

0.127 m 

14.00 GHz 

Probe 1 = Ey 

60°, x 

Probe 2 = Ex 

60°, y 

38.21 dBi 

Ey 
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Figure 4.6-1: Near-field |£"x(.xyOI sampled over the scan plane for the monopulse 
reflector antenna, normalized to Ey, in dB 
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Figure 4.6-3: Co (o) and cross (x) polarized directivity of monopulse reflector 
antenna based on near-field scan size 
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Figure 4.6-4: Normalized far-field \ECO(0,$)\ of the monopulse reflector antenna for 
pattern cut^=0° 
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Figure 4.6-5: Far-field l-CcrC ,̂̂ )! of the monopulse reflector antenna for pattern 
cut^ = 0°, normalized to \Eco(0,<p)\ 
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Figure 4.6-6: Normalized far-field |isCo(#,^)| of the monopulse reflector antenna for 
pattern cut^ = 90° 
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Figure 4.6-7: Far-field \Ecr{0,<j))\ of the monopulse reflector antenna for pattern 
cut<f>= 90°, normalized to \EC0{9,(/>)\ 
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Figure 4.6-8 shows the rule-of-thumb valid far-zone angle off broadside based on 

the PNF scan size (in samples per side) for the monopulse reflector antenna. The largest 

aperture dimension of the AUT is represented by the black vertical line. 
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Figure 4.6-8: Rule-of-thumb valid far-zone angle off broadside for the monopulse 
reflector antenna. The vertical line shows the AUT aperture 

4.7 Slotted Waveguide Array 

Details of the PNF scan of the slotted waveguide array, which we will refer to as 

the slotted waveguide array, can be found in Table 4.7-1. The slotted waveguide array 

was scanned at the PNF chamber at the University of Ottawa, and was purposely scanned 

as far as the PNF mechanism allowed. Figure 4.7-1 and Figure 4.7-2 show the x and y 

components of the PNF scanned data. Figure 4.7-3 shows the calculated directivity 
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versus scan size for the slotted waveguide array. Figure 4.7-4 through Figure 4.7-7 show 

the principal pattern cuts for the far-zone Eco and Ecr, based on the complete PNF data set. 

Table 4.7-1: PNF scan information for the slotted waveguide array 

AUT Size 

Actual PNF Scan Size 

PNF Number of Samples 

PNF Sample Spacing 

Probe to AUT Distance 

Frequency 

PNF Probe Polarization 

Rule-of-thumb Far-Field Angle 

Calculated Directivity 

Principle Near-Field Component 

Width = 0.305 m 

Width = 0.810 m 

x = 132 

x = 0.00618 m 

Height = 0.345 m 

Height = 0.850 m 

y=138 

y = 0.00621 m 

0.09 m 

23.25 GHz 

Probe 1 = Ex 

70°, x 

Probe 2 = Ey 

70°, y 

37.48 dBi 

Ex 

94 



• •10 

-20 

-30 

-40 

-50 

1-60 

-70 

X (metres) 

Figure 4.7-1: Normalized near-field ^ (xy ) ! sampled over the scan plane for the 
slotted waveguide array, in dB 
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Figure 4.7-2: Near-field |ity(jc,j)| sampled over the scan plane for the slotted 
waveguide array, normalized to Ex, in dB 
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Figure 4.7-3: Co (o) and cross (x) polarized directivity of slotted waveguide array 
based on near-field scan size 

CD 

-10 

-20 

-30 

-40 

-50 

-60 

. 

\ A 

i 

m I 
i ' 

i I - - — — — — p - -

w 
i i i i i 

-60 -40 -20 0 20 
Angle off Broadside (degrees) 

40 60 

Figure 4.7-4: Normalized far-field \Eco(0,</>)\ of the slotted waveguide array for 
pattern cut^ = 0° 

96 



-40 -20 0 20 
Angle off Broadside (degrees) 

Figure 4.7-5: Far-field \Ecr(0,0)\ of the slotted waveguide array for pattern cut^ : 

0°, normalized to \Eco(0,<f>)\ 
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Figure 4.7-6: Normalized far-field \Et0{G,<j))\ of the slotted waveguide array for 
pattern cut ^=90° 
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Figure 4.7-7: Far-field \Etr(6,(j>)\ of the slotted waveguide array for pattern cut^ = 
90°, normalized to |£:co(6>,^)| 

Figure 4.7-8 shows the rule-of-thumb valid far-zone angle off broadside based on 

the PNF scan size (in samples per side) for the slotted waveguide array. The largest 

aperture dimension of the AUT is represented by the black vertical line. 
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Figure 4.7-8: Rule-of-thumb valid far-zone angle off broadside for the slotted 
waveguide array. The vertical line shows the AUT aperture. 

4.8 Concluding Remarks 

In this chapter we have presented the antennas that will be used to evaluate the 

decision functions in experiments described in Chapter 5. The PNF data sets for the 

antennas presented in this chapter, with the exception of the slotted waveguide array 

which was scanned in the PNF facility at the University of Ottawa, were provided 

courtesy of Nearfield Systems Inc. (NSI), California, USA. 
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CHAPTER 5 - COMPARATIVE STUDY OF DECISION 
FUNCTIONS FOR ADAPTIVE PLANAR NEAR-FIELD 
TECHNIQUES 

5.1 Introduction 

In this chapter we explore the decision functions devised in Section 3.4 by 

applying them to the series of PNF data sets of the antennas reviewed in Chapter 4. Some 

initial comments about this comparative study are given in Section 5.2. Section 5.3 

outlines the experiments that were performed on the near-field data sets. The results and 

discussions of these experiments are presented in Section 5.4 through 5.7. Concluding 

remarks for this chapter are provided in Section 5.8, and the references for Chapter 5 are 

given in Section 5.9. 

5.2 Preliminary Comments 

As previously noted, the selected antennas cover a range of types commonly 

tested using PNF techniques. The goal of these experiments is to examine the behaviour 

of the decision functions. In so doing we will show the potential for using these to select 

a stopping requirement for the adaptive acquisition method devised in Chapter 3. This 

will give us insight into how these decision functions could be used in practice during 

actual PNF testing. The decision of when to stop the PNF scan is not trivial and the 

characteristics of the AUT, as well knowledge of PNF measurements, need to be taken 

into consideration to make this determination. 
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There are nine decision functions in total and the decision of when to terminate 

the PNF scan will not necessarily depend on the performance of all nine. Oftentimes the 

purpose of conducting a PNF scan is to verify a particular pattern characteristic of the 

AUT, such as the level of a particular sidelobe or the maximum directivity. An operator 

conducting a PNF test would have sufficient knowledge to be able to realistically set 

thresholds and stopping conditions for the adaptive acquisition method to achieve the test 

objectives. 

5.3 Experiment Set-up 

The experiments whose outcomes are presented in the remaining sections of this 

chapter were all carried out using the following approach: Complete (and large) measured 

PNF data sets for the individual AUTs were first obtained. Such data is made available to 

the code APNF developed in the MATLAB environment. This code simulates the 

scanning sequence described in Section 3.2 by simply reading the data points from the 

large data file in the order in which it would be sequentially acquired in practice if the 

adaptive method were being used. At the end of each new scan iteration the far-zone 

fields and decision functions are calculated. The decision functions are plotted as the scan 

iterations proceed until the limits of the large PNF data set are reached. 

99 

The PNF scan area as used by APNF is square , and its size is indicated in 

"samples per side". Thus if the number of samples per side is M, and the spacing between 

The APNF reads the input PNF data set (which are not necessarily square) and implements a square 
adaptive scanning pattern. The APNF could easily be modified to implement a rectangular scan plane, 
which could be based on the shape of the aperture of the AUT (such as the monopulse reflector antenna). 
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samples along any axis is X/P, then the scan area is [(M-l) X/F\ . The scan area need not 

be square in order for the adaptive PNF method to be applied. 

Not only are the various decision functions examined, but the behaviour of a 

given decision function is observed over constrained "regions of interest". This is 

achieved by altering the weighting functions wco{6, <fi) and wcx{6, fi) of Section 3.4, in order 

to determine how the required PNF scan size changes as the region of interest is 

constrained. If wco(#, $) = 30°23, for instance, then only those far-zone pattern points in 

directions less than or equal to 30° off broadside are included in the computation of the 

decision function. We will call such an example a C = 30° case, and so on. In 

conventional PNF testing the rule-of-thumb expression (2.4-1) would give the required 

scan size for a specified value of £ in this thesis we are of course proposing the use of 

decision functions in a feedback loop to determine what the PNF scan size needs to be for 

a desired £ 

The decision functions are presented separately in terms of their co-polarized and 

cross-polarized components. This relates more directly to how the information is actually 

used in practice. The co-polarized components of the decision functions are the default 

case and are those decision functions that will be of most interest in practice. The cross-

polarized components will only be presented for certain cases where some specific aspect 

needs to be highlighted. This cross-polarized analysis is presented for the offset reflector 

antenna in Section 5.7. The evaluation of the decision functions will use the 

considerations in the discussion that follows. 

Here the 30° refers to the 6 angle. We do not place a constraint on the 0 angle. 
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We will show the effects of varying C for the chosen decision functions. In a 

traditional PNF scan the desired far-zone region of validity angle, £ will determine how 

large the PNF scan plane must be, based on the rule-of-thumb calculation. 

Two possibilities for deciding when to terminate the PNF scans will be discussed, 

namely: 

• The value of the decision function falls below some threshold value. The choice 

of threshold will ultimately depend on the AUT and the goals of the PNF scan. 

• The decision function has "settled down" to a value that changes very little as the 

PNF scan size increases. 

The following is a list of parameters set for all the experiments that follow: 

• PDFE,CO and PDFE.CT were set to -100 dB 

• PDFD,CO, and PDFD,CT were set to -50 dB 

• PDFN,X, and PDFNJ were set to -50 dB 

• C was set to 60°, 30°, 15°, and 5° off broadside 

In the decision function plots presented in the sections that follow, the black 

vertical line represents the largest dimension of the AUT physical aperture, and the rule-

of-thumb stopping size for each of the required region of validity angle values, £ 

(included as an inset in each figure24) is shown by the asterisk (*) data marker. 

In the figures that follow, if the plots for the different f overlap each other only the colour of the smallest 
C is shown (this plot is on top of the others). In other words, if the plots for all Q are the same only the 
colour for £"= 5° is shown. If Q = 60° and 30° are the same then only the colour of the Q= 30° is displayed. 
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5.4 Analysis of Decision Functions DFEn 

5.4.1 Analysis of Decision Function DFE1 

Figure 5.4-1 through Figure 5.4-5 show plots of DFE1 versus scan size for each of 

the antennas under examination. DFE1 is an averaged error measure, and so provides 

curves that smoothly taper off as the scan size increases. Reducing the size of the region 

of interest reduces the overall value of the co-polarized component of DFE1, but the 

shapes of the plots remain similar. The problem is that it is difficult to decide on a 

threshold value to be used with DFE1 because it is not directly related to a quantity in 

terms of which antenna performance specifications are written or through which the 

accuracy of these quantities can be expressed. Only for the monopulse reflector antenna 

and slotted waveguide array cases of Figure 5.4-4 and Figure 5.4-5 does DFE1 flatten out 

as the scan size increases. The scan size at which this flattening out begins might be used 

as a scan termination point for this specific antenna. However, the lack of such behaviour 

for the other antennas means that DFE1 is not on its own a useful decision function in 

general . It is interesting that for the £ = 60° case of the slotted waveguide array the 

flattening out begins at a scan size that is smaller than that required by the rule-of-thumb. 

The rule-of-thumb size required for the £ angles are shown in each figure by the * data 

marker26. 

But see further comments in Section 5.7 on the possible use of DFE1. 
26 If the * data marker does not appear on a particular £, plot, it means that that £ angle is not possible from 
the acquired PNF data set based on the rule-of-thumb calculation. The PNF data set would need to be 
scanned further to include these <f angles. 
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Figure 5.4-1: Co-polarized component of DFE1 for the offset reflector antenna 
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Figure 5.4-2: Co-polarized component of DFE1 for the horn antenna 
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Figure 5.4-3: Co-polarized component of DFE1 for the planar array 
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Figure 5.4-4: Co-polarized component of DFE1 for the monopulse reflector antenna 
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Figure 5.4-5: Co-polarized component of DFE1 for the slotted waveguide array 

5.4.2 Analysis of Decision Function DFE2 

Decision function DFE2 is more easily used to set a threshold value than DFE1, 

as will be seen by inspecting Figure 5.4-6 through Figure 5.4-10 that show plots of DFE2 

versus scan size for each of the antennas under examination. Only the co-polarized cases 

are considered, for reasons given in Section 5.3. For instance, Figure 5.4-6 shows that the 

DFE2 of the offset reflector antenna drops below -50dB for a scan size of about 83 

samples per side. Since DFE2 is the largest value of the difference measure over the 

stated region of interest, it means (from Table 3.4-1) that the uncertainty is better than 

±0.5dB down to the -25dB pattern level and better than ±0.1 dB down to the -lOdB level. 

Similar comments can be made for the other antennas under examination. Quantity DFE2 

is thus something that can be used by experienced antenna engineers as a practical 
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decision function. We observe from Figure 5.4-7 that for the horn antenna the DFE2 

curve does not decrease monotonically as the scan size increases. However, it's envelope 

does decrease and so the same considerations can be applied to this case as for the other 

antennas being examined. 

20 40 60 80 100 120 
Scan Size (samples per side) 

Figure 5.4-6: Co-polarized component of DFE2 for the offset reflector antenna 
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Figure 5.4-7: Co-polarized component of DFE2 for the horn antenna 
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Figure 5.4-8: Co-polarized component of DFE2 for the planar array 
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Figure 5.4-9: Co-polarized component of DFE2 for the monopulse reflector antenna 
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Figure 5.4-10: Co-polarized component of DFE2 for the slotted waveguide array 
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5.4.3 Analysis of Decision Function DFE3 

Decision function DFE3 shows the error at the location of the maximum far-zone 

co-polarized radiated pattern. Figure 5.4-11 through Figure 5.4-15 show the plot of 

DFE3 versus scan size for each antenna. As with DFE1 and DFE2, only the co-polarized 

cases are considered. In the figures below, changing £ has no effect27 on DFE3. This 

indicates that the location of the maximum error is the same for all £ and thus DFE3 

returns the same value for that antenna. The plots for DFE3 are also noisier than the 

other DFE, although the envelope of the plots have the same shape as DFE2. For some 

PNF test scenarios the error at the far-zone pattern maximum may be an important 

characteristic to monitor. However, the PNF scan would not be terminated on this value 

alone as it says nothing about the errors at other far-zone angles. 

40 60 80 
Scan Size (samples per side) 

Figure 5.4-11: Co-polarized component of DFE3 for the reflector antenna 

27 There is s small difference for the planar array in Figure 5.4-13 because the far-zone pattern maximum 
based on PNF scan sizes between 11 and 21 samples per side is outside the £ = 5 region. 
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Figure 5.4-12: Co-polarized component of DFE3 for the horn antenna 
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Figure 5.4-13: Co-polarized component of DFE3 for the planar array 
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Figure 5.4-14: Co-polarized component of DFE3 for the monopulse reflector 
antenna 
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5.5 Analysis of Decision Function DFDn 

5.5.1 Analysis of Directivity versus Scan Size 

Before discussing the behaviour of the decision functions DFD« we refer back to 

plots of the maximum directivity shown in Chapter 4 for each of the antennas measured, 

namely: 

• Offset reflector antenna - Figure 4.3-3 

• Horn antenna - Figure 4.4-3 

• Planar array - Figure 4.5-3 

• Monopulse reflector antenna - Figure 4.6-3 

• Slotted waveguide array - Figure 4.7-3 

Both the co- and cross-polarized maximum directivity plots28 converge to some 

steady value as the scan size increases. At some point the directivity value changes 

negligibly from the nth to the (n-\)A scan. If this change is less than a certain amount, say 

the accuracy within which the directivity can be determined by the measurement set-up, 

this can be used to terminate the PNF scan. We notice that for some of the antennas the 

co-polarized maximum directivity settles down at a smaller scan size than the cross-

polarized one does. 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 polarization properties are the important 

28 These are the values of the maximum directivity. In the case of the co-polarized directivity this occurs in 
the broadside direction, but in the cross-polarized case the direction in which the directivity is a maximum 
is not broadside, as for the offset reflector antenna case shown in Figure 4.3-5, for example. As the scan 
size increases the direction of the directivity maximum may shift around until the scan size is sufficiently 
large. 
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properties in some test then both the co- and cross-polarized directivities would need to 

be tracked. 

5.5.2 Analysis of Decision Function DFD1 

Figure 5.5-1 through Figure 5.5-5 show plots of DFD1 versus scan size for each 

of the antennas under examination. The quantity DFD1, defined in Section 3.4.4, gives 

the average of the differences between the directivities in all directions within the region 

of interest of the «* and («-l)th iteration. The DFD1 value drops off more rapidly with 

scan size as the region of interest gets smaller. The extent of the difference in the DFD1 

behaviour for a particular region of interest size differs from antenna to antenna. It is 

most distinct for the offset reflector and horn antennas, and least so for the slotted 

waveguide array. We have not been able to establish why this is so. It is not a function of 

the electrical size of the AUT (and hence its maximum directivity). Nor does it depend on 

the distinctiveness of the sidelobes of the AUT (and hence the depth of the pattern nulls). 

As with DFE1, the decision function DFD1 is not easily related to a quantity in terms of 

which antenna performance specifications are stated, and so is not that useful in deciding 

on a scan size truncation point because it is difficult to select a threshold value. 
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Figure 5.5-1: Co-polarized component of DFD1 for the offset reflector antenna 

Scan Size (samples per side) 

Figure 5.5-2: Co-polarized component of DFD1 for the horn antenna 
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Figure 5.5-3: Co-polarized component of DFD1 for the planar array 
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Figure 5.5-4: Co-polarized component of DFD1 for the monopulse reflector antenna 
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Figure 5.5-5: Co-polarized component of DFD1 for the slotted waveguide array 

5.5.3 Analysis of Decision Function DFD2 

Figure 5.5-6 through Figure 5.5-10 show plots of DFD2 versus scan size for each 

of the five AUTs. As with DFD1, the quantity DFD2, defined in Section 3.4.5, computes 

the difference between the directivities after the nth and («-l)th scan in all directions 

within the region of interest. However, unlike DFD1 it does not average these values but 

picks out the largest difference, which is not necessarily in the direction of maximum 

directivity. The direction in which this maximum directivity difference occurs changes as 

the scan size increases and depends on the extent of the region of interest. The reason is 

that this decision function may sample the directivity in the vicinity of the pattern dips 

where the directivity has a low value, which values are extremely sensitive to small 

changes in scan size and even computational issues. This is evidenced in the fact that the 
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plots of DFD2 are relatively erratic, and in fact become increasingly so if the dynamic 

range of the data considered in the DFD2 determination is widened by altering the value 

of quantity PDFD.CO and PDFD,CF from -50dB to -100 dB29. 

We are in fact not too concerned with precise values of the directivity in the 

pattern dips; it is the directivity in the main beam and largest sidelobe direction that are 

the most important performance measures. Thus we conclude that DFD2 is not a 

preferred decision function. Instead of using all observation directions in the region of 

interest to compute a decision function we instead examine the differences in directivity 

(obtained for the current and previous scan sizes) in selected key directions30 that are 

directly related to the antenna pattern specifications. This leads to DFD3. 

So we can mitigate the worst of these effects by adjusting the value of PDFD,CO, and 
PDFD,cr-
30 For instance the direction of maximum directivity and the directivity in the direction of the largest 
sidelobes. 
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Figure 5.5-6: Co-polarized component of DFD2 for the offset reflector antenna 
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Figure 5.5-7: Co-polarized component of DFD2 for the horn antenna 
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Figure 5.5-8: Co-polarized component of DFD2 for the planar array 
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Figure 5.5-9: Co-polarized component of DFD2 for the monopulse reflector antenna 

121 



40 60 80 100 
Scan Size (samples per side) 

120 

Figure 5.5-10: Co-polarized component of DFD2 for the slotted waveguide array 

5.5.4 Analysis of Decision Function DFD3 

Figure 5.5-11 through Figure 5.5-15 show plots of DFD3 versus scan size for 

each of the AUTs under examination. In particular, the selected observation direction 

i t 

used here is that of the directivity maximum for each AUT. We note that the directivity 

differences are computed here (as they were in fact done for DFD1 and DFD2) by 

subtracting the dBi values of the directivity. The reason was that we want the value of 

DFD3 to decrease to zero as the scan size increases. Once DFD3 is different form zero by 

less than the measurement accuracy of the PNF range in use, the PNF scans can be 

terminated. 

31 But we could use several key directions and observe them collectively. 
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Figure 5.5-11: Co-polarized component of DFD3 for the offset reflector antenna 
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Figure 5.5-12: Co-polarized component of DFD3 for the horn antenna 
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Figure 5.5-13: Co-polarized component of DFD3 for the planar array 

CO 
•p . 

Q 

2 

.8 

.6 

.4 

.2 

1 

I.8 

).6 

0.4 

0.2 

ij ; i 
1 ! ! ...j 1 

i i i ^-**i~*»*»^«. 

i 

— • — w = 3( 
— • — w = 1. 
— • — w = 5 

3 
3 

re 

-

20 40 60 80 100 
Scan Size (samples per side) 

120 140 

Figure 5.5-14: Co-polarized component of DFD3 for the monopulse reflector 
antenna 
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Figure 5.5-15: Co-polarized component of DFD3 for the slotted waveguide array 

5.6 Analysis of Decision Functions DFNn 

The analysis of the DFNw decision functions presented in this section will focus 

only on the principle near-field component of the antennas, either the Ex or Ey 

component. Table 5.6-1 summarizes the principle near-field components for the antenna 

types. 
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Table 5.6-1: Summary of principle near-field components for antenna types 

AUT 

Offset Reflector Antenna 

Horn Antenna 

Planar Array 

Monopulse Reflector Antenna 

Slotted Waveguide Array 

Principal Near-Field Component 

Ey 

Ex 

Ey 

Ey 

Ex 

5.6.1 Analysis of Decision Function DFN1 

Expressions for the computation of the fractional plane wave spectrum error, and 

its relation to the uncertainty in the directivity in any direction, were discussed in Section 

3.4.7. It is clear from the presented discussion what value of plane wave spectrum 

fractional error is needed for a required uncertainty in the directivity in any direction; in 

other words how to translate the fractional error in the plane wave spectrum to a 

directivity uncertainty number. DFN1 averages this fractional error quantity over the 

entire region of interest. It is shown in Figure 5.6-1 through Figure 5.6-5. As expected, 

the smaller the region of interest the lower the fractional error for a given scan size. 

Unfortunately DFN1 suffers from the same difficulty (namely an inability to select a 

threshold) as the other averaging decision functions DFE1 and DFD1. 
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Figure 5.6-1: Y-component of DFN1 for the offset reflector antenna 
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Figure 5.6-3: Y-component of DFN1 for the planar array 
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Figure 5.6-4: Y-component of DFN1 for the monopulse reflector antenna 
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Figure 5.6-5: X-component of DFN1 for the slotted waveguide array 

5.6.2 Analysis of Decision Function DFN2 

Decision function DFN2, given in Figure 5.6-6 through Figure 5.6-10, shows the 

maximum value of the fractional error of the plane wave spectrum in the indicated region 

of interest. Like DFE2 and DFD2 it does not decrease monotonically but has an envelope 

below which the plot falls. In spite of the non-monotonicity, DFN2 is a useful decision 

function due to the fact that it possible to relate its numerical value directly to the 

uncertainty in directivity over the region of interest, and so can be used to take a sound 

decision on when to terminate the PNF scan. Care must be taken, however, as the surface 

integral in the denominator of expressions (3.4.7-1) and (3.4.7-2) can contain nulls which 

will cause very large errors in the DFN2. These can be mitigated by adjusting the values 

of PDFN,X, and PoFN.y to not include these low values in the evaluation of DFN2. These 
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nulls were typically found in the larger angles off broadside, and are why the plots for the 

different C are sometimes large. An investigation into this behaviour is presented in 

Appendix B. 
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Figure 5.6-6: Y-component of DFN2 for the offset reflector antenna 
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Figure 5.6-7: X-component of DFN2 for the horn antenna 
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Figure 5.6-9: Y-component of DFN2 for the monopulse reflector antenna 
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Figure 5.6-10: X-component of DFN2 for the slotted waveguide array 



5.6.3 Analysis of Decision Function DFN3 

Decision function DFN3 differs from DFN2 in that it is the fractional error in the 

plane wave spectrum in a specified direction. Figure 5.6-11 through Figure 5.6-15 show 

plots of DFN3 versus scan size for the AUTs under consideration when the selected 

observation direction used is that in the direction of the pattern maximum32. These all 

decrease with increasing scan size. The advantage in using decision function DFN3 is 

that (from Section 3.4.7) it is possible to relate its numerical value directly to the 

uncertainty in directivity in the direction of the main beam, in the direction of significant 

sidelobes, or any other direction. Although not discussed in Section 3.4.7, it is also 

possible to relate it to an uncertainty in the measured bandwidth [1]. 
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Figure 5.6-11: Y-component of DFN3 for the offset reflector antenna 

32 Because the pattern maxima are within a 5° cone for all the AUTs under discussion the plots of DFN3 
are independent of the region of interest sizes shown in the inset on the plots. 
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5.7 Analysis of Cross-Polarized Decision Functions 

Although the co-polarized components of the decision functions are of primary 

interest, it is prudent to show the analysis of the cross-polarized component of the 

decision functions. Therefore, presented in this section for the offset reflector antenna 

which has the highest cross-polarized component of the antennas presented in this thesis. 

The evaluation of the cross-polarized decision functions reach the same conclusions as 

the co-polarized cases, and these will not be repeated here. 

5.7.1 Analysis of Cross-Polarized Decision Function DFEn 

The cross-polarized DFEn are lower than the co-polarized components, which 

was also the case for the other antennas. DFE1, DFE2, and DFE3 also level off at a PNF 

scan size of 83 samples per side. The maximum error, DFE2, falls below -50 dB at a 

PNF scan size of 51 samples per side, and from Table 3.4-1 this relates to an uncertainty 

of ±0.5 dB at a pattern level of-25dB. 
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Figure 5.7-2: Cross-polarized component of DFE2 for the offset reflector antenna 
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Figure 5.7-3: Cross-polarized component of DFE3 for the offset reflector antenna 

5.7.2 Analysis of Cross-Polarized Decision Function DFDn 

The cross-polarized DFD1 is also smaller, although the largest difference is seen 

when £ = 60°. For the other £ there is only a slight difference between the co- and cross-

polarized DFD1. The cross-polarized DFD2 exhibits more noise than the co-polarized 

DFD2, although the value does drop significantly shortly after the aperture has been 

scanned. The cross-polarized DFD3 is slightly larger than the co-polarized decision 

function, although the overall shape of the two plots are very similar. The DFD3 for the 

cross-polarized case was evaluated at the maximum directivity of the cross-polarized 

directivity. 
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Figure 5.7-4: Cross-polarized component of DFD1 for the offset reflector antenna 
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Figure 5.7-5: Cross-polarized component of DFD2 for the offset reflector antenna 
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5.7.3 Analysis of Cross-Polarized Decision Function DFNn 

Figure 5.7-7 to Figure 5.7-9 show the x-component of the DFNn decision 

functions. The x-component of DFN1 and DFN2 are higher than the principle 

component (y) for the offset reflector antenna. The difference is most significant 

between the <f = 60° case. The fractional plane wave spectrum error estimate of DFN3 

has the same general magnitude for both x and y components and although the values do 

differ, the shape of both are similar. 
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Figure 5.7-7: X-component of DFN1 for the offset reflector antenna 
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5.8 Conclusions on the Selection of Decision Functions 

In Section 3.3 we identified the properties needed of a decision function. Firstly, it 

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

unambiguous decision that the PNF data acquisition may be terminated). Secondly, it 

must be such that, when we apply a stopping-criterion, we end up with what we actually 

want. The experiments conducted in this chapter have identified DFE2, DFD3 and DFN3 

as such decision functions. With hindsight we realise that these decision functions are 

those directly related to specific antenna performance measures, or errors therein. It will 

thus be possible, no matter how specific an AUT performance specification for a 

particular application may be (eg. in some applications the root-mean-square sidelobe 

level is a key requirement), to set up appropriate decision functions and use the adaptive 
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PNF approach devised here. In this way, no matter how unique the application, we can 

acquire the smallest amount of data in order to achieve the desired accuracy of the selected 

performance measure of the AUT. This will minimise the amount of testing time while 

simultaneously exhibiting real-time quality assessment of the measurements. At the same 

time, although the averaging decision functions DFE1, DFD1 and DFN1 do not enable us 

to take a decision as to the termination of a PNF scan, (and so must be used alongside 

DFE2, DFD3 and/or DFN3) they nevertheless give and indication of the "overall health" 

of the measurement as it progresses. 

5.9 References for Chapter 5 

[1] A.Yaghjian. Upper-Bound Errors in Far-Field Antenna Parameters Determined from 
Planar Near-Field Measurements - Part I, NBS Technical Note 667, USA, 1975. 
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CHAPTER 6 - CONCLUSIONS 

6.1 General Conclusions 

The contributions of this thesis are as follows: 

• We have devised the concept of using adaptive techniques in planar near-field 

measurements. This allows us to reduce test times by only proceeding with PNF 

scans until the quantities being sought are within the accuracy we require , not 

more and not less. 

• We have defined several possible decision functions for use in the adaptive PNF 

technique. 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 as part of an adaptive algorithm intent on reducing the amount of 

data that has to be acquired by continuous monitoring of a set of decision 

functions whose values have to be computed continually. This is a relatively 

simple concept, but one that does not appear to have been proposed by others. It 

provides an uncomplicated way of reducing overall antenna testing time, and can 

be accomplished with existing PNF scanning systems. 

There is a satisfying connection here to the quote attributed to Albert Einstein : "Everything should be 

made as simple as possible, but not one bit simpler". 
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• We have used these decision functions in a set of experiments (using real near-

field data for actual antennas) which reveal something of the character of these 

decision functions. These showed that the most useful decision functions are those 

directly related to antenna performance measures. This fact provides a useful 

guide to the setting up of decision functions not specifically considered here; we 

now know that these should be formed from the antenna specifications most 

important to a particular AUT. This is always possible; if it were not then the 

performance specifications would not be obtainable from any antenna 

measurement technique. We envisage a PNF test set-up which displays several 

decision functions as the data acquisition is proceeding, with flags that indicate 

when a sufficiently large scan size has been reached to predict a specific 

performance index. 

Although not a key contribution (it was merely a means to an end), we have 

developed the software APNF that is able to take any set of raw PNF near-field data (at 

any iteration) and rapidly compute the far-field patterns and associated decision 

functions. This would be a useful tool that could be used in a full implementation of the 

technique. Future work might involve the application of the adaptive approach to 

cylindrical near-field (CNF) test methods. 
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Appendix A: Simpson's Numerical Integration MATLAB 
Function 



function z = simps(x,y,dim) 
%SIMPS Simpson's numerical integration. 
% Z = SIMPS(Y) computes an approximation of the integral of Y via the 
% Simpson's method (with unit spacing). To compute the integral for 
% spacing different from one, multiply Z by the spacing increment. 
a 
o 

% For vectors, SIMPS(Y) is the integral of Y. For matrices, SIMPS(Y) 
is a 
% row vector with the integral over each column. For N-D arrays, 
SIMPS(Y) 
% works across the first non-singleton dimension. 
o 
o 

% Z = SIMPS (X,Y) computes the integral of Y with respect to X using 
the 
% Simpson's rule. X and Y must be vectors of the same length, or X 
must 
% be a column vector and Y an array whose first non-singleton 
dimension 
% is length(X). SIMPS operates along this dimension. 

of 
Z = SIMPS(X,Y,DIM) or SIMPS(Y,DIM) integrates across dimension DIM 

Y. The length of X must be the same as size(Y,DIM). 

Example: 

If X = [0 1 3 6] then simps (X, X. ""2 ) is 72 whereas trapz (X, X. ~2) is 

% If Y = [0 1 2 
% 3 4 5 
% 6 7 8] 
% then simps(Y,l) is [6 8 10] and simps(Y,2) is [2; 8; 14] 
a 
o 

% Class support for inputs X, Y: 
% float: double, single 
o 

% Damien Garcia, 08/2007, revised 11/2007, directly adapted from 
TRAPZ 

See also CUMSIMPS, TRAPZ, QUAD. 

%% Make sure x and y are column vectors, or y is a matrix. 
perm = []; nshifts = 0; 
if nargin == 3 % simps(x,y,dim) 
perm = [dim:max(ndims(y),dim) l:dim-l]; 
yp = permute(y,perm); 
[m,n] = size(yp); 

elseif nargin==2 && isscalar(y) % simps(y,dim) 
dim = y; y = x; 
perm = [dim:max(ndims(y),dim) l:dim-l]; 
yp = permute(y,perm); 
[m,n] = size(yp); 
x = 1: m ; 

else % simps(y) or simps(x,y) 
if nargin < 2, y = x; end 
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[yp,nshifts] = shiftdim(y); 
[m,n] = size(yp); 
if nargin < 2, x = l:m; end 

end 
x = x ( : ) ; 
if length(x) ~= m 

if isempty(perm) % dim argument not given 
error('MATLAB:simps:LengthXmismatchY',... 

1 LENGTH(X) must equal the length of the first non-singleton 
dimension of Y. ' ) ; 

else 
error('MATLAB:simps:LengthXmismatchY',... 

'LENGTH(X) must equal the length of the DIM''th dimension of 
Y. ' ) ; 

end 
end 

%% The output size for [] is a special case when DIM is not given, 
if isempty(perm) && isequal(y,[]) 

z = zeros(1,class(y)); 
return; 

end 

%% Use TRAPZ if m<3 
if m<3 

if exist('dim','var') 
z = trapz(x,y,dim); 

else 
z = trapz(x,y); 

end 
return 

end 

%% Simpson's rule 

y = yp; 
clear yp 

dx = repmat (dif f (x, 1, 1) , 1, n) ; 
dxl = dx(1:end-1,:); 
dx2 = dx(2:end,:); 

alpha = (dxl+dx2)./dxl/6; 
aO = alpha.*(2*dxl-dx2); 
al = alpha.*(dxl+dx2).A2./dx2; 
a2 = alpha.*dxl./dx2.*(2*dx2-dxl); 

z = sum(aO(l:2:end,:).*y(l:2:m-2,:) +... 
al(l:2:end,:).*y(2:2:m-l,:) +... 
a2(1:2 rend, :) .*y(3:2:m, :),1); 

if rem(m,2) == 0 % Adjusting if length(x) is even 
stateO = warning('query','MATLAB:nearlySingularMatrix'); 
stateO = stateO.state; 
warning('off','MATLAB:nearlySingularMatrix') 
C = vander(x(end-2:end))\y(end-2:end,:); 
z = z + C(l,:).*(x(end,:).A3-x(end-l,:).A3)/3 +... 

C(2,:).*(x(end,:),A2-x(end-1,:).A2)/2 +... 
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C(3, :) .*dx(end, : ) ; 
warning(stateO,'MATLAB:nearlySingularMatrix') 

end 

%% Resizing 
siz = size(y); siz(l) = 1; 
z = reshape(z,[ones(1,nshifts),siz]); 
if -isempty(perm), z = ipermute(z,perm); end 
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Appendix B: Examination of DFNr? Nulls 
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The following discussion will focus on the x-component of the horn antenna with 

£ = 60° to illustrate the noise-type errors in the evaluation of the contour and surface 

integrals in the numerator and denominator of expression (3.4.7-1). The evaluation of the 

contour integral in the numerator is shown in Figure B 1 and the surface integral in the 

denominator in Figure B 2. There are values in the resulting figures that are much lower 

than the surrounding values, and magnified view of these noise-type values are shown in 

Figure B 3 and Figure B 4. 

-1 -0.5 0 0.5 1 
kx/k 

Figure B 1: Evaluation of contour integral of expression (3.4.7-1) for the horn 
antenna at a scan size of 51 points per side 
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Figure B 2: Evaluation of surface integral of expression (3.4.7-1) for the horn 
antenna at a scan size of 51 points per side 
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Figure B 3: Magnified view of Figure B 1 showing very low noise-type values that 
are approximately 30 dB lower than the surrounding values 
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Figure B 4: Magnified view of Figure B 2, showing noise-type values that are 
approximately 20 dB lower than the surrounding values 

If we apply a lower limit to the evaluation of the above integrals, say 50 dB below 

the maximum, we effectively remove these noisy values, as shown by the mask in Figure 

B 5. This mask was generated by setting the lower limit for the contour integral and 

combining that mask with one generated from limiting the surface integral with the same 

threshold. Black areas in the mask are not included in the decision function calculation. 

It is likely that these noise-type errors are a result of the numerical evaluation of 

the integrals in expression (3.4.7-1). 
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kx/k 

Figure B 5: Mask based on a lower limit set 50 dB below the maximum of the 
contour integral and the surface integral. The mask shown here is the combination 
of the contour integral mask and the surface integral mask. Black areas are not 
included in the evaluation of the decision function. 
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