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(i)

Abstract

The research detailed in this report was conducted within the near field
scanner facility of the DERA at Funtington in West Sussex. The purpose o f
the research was to increase the capability o f the near field antenna
measurement system so that the range o f antennas that could be accurately
tested within the facility could be increased.

As no extra funding for the

purchase o f additional equipment was possible this increase in capability had
to be achieved via more experimental and innovative use being made o f the
existing instrumentation systems.

The main aims o f the project were to use the availability o f the 9 CNC
control axes in the system to synthetically increase the extent o f the scan
plane and subsequently to assess the accuracy o f the measurements using a
novel statistical interpretation of the nature o f the antenna pattern. Both by
inspection and via a statistical classification procedure the extent o f the
accuracy o f the measurements was confirmed and the additional error terms
associated with the measurement technique identified and assessed.
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(vi)

Summary

Chapter 1

The object of the project.

The project attempts to increase the ability o f a near field scanner to measure
larger and more diverse antennas, it does this by developing a secondary
spatial transformation technique, analysing the errors inherent in the
technique and quantifying them statistically.

Chapter 2

Antenna Measurements.

The main methodologies adopted when a measurement o f the far field pattern
of an antenna is required are described, these being:
(1)

Far Field Range

(2)

Compact Range

(3)

Near Field Range

The fundamental limitations on the accuracy's o f the measurements imposed
by the actual measurement methodologies are highlighted and the theory o f
near field to far field transforms as Fourier transform relationships are
illustrated. Additionally the transformed data corrections required to remove
characteristics of the predicted far field which are artefacts o f the
measurement process are also explained.
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Chapter 3

Near field measurements at DERA Funtington.

The near field scanner system at DERA Funtington is described in terms o f :
(1)

The Mechanical System.

(2)

The RF subsystem

(3)

The software and control system.

(4)

The actual measurement set up for an AUT.

The details of the workings of these subsystems along with how the AUT is
actually placed in the full system for measurements is also included.

Chapter 4

The utility of secondary spatial transforms.

The nature o f the transform pair o f spatial and spatial frequency domains is
illustrated and the secondary truncation problem is illustrated as an example
of spectral leakage.

The usefulness o f secondary spatial transforms as a

solution to the truncation problem is highlighted by showing how such
transforms can produce an effectively much larger scan plane than is actually
available within the facility.

Chapter 5

The basic error budget.

All o f the error sources that are to be found within the measurement
procedure are stated and by elimination those which are to small to effect the
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results are discounted. The other larger sources are assessed, quantified as
noise sources and an overall error and uncertainty in a measurement is stated.
This level o f uncertainty is indicative o f the error that might be expected in
the measurement o f an AUT.

Chapter 6

The measurement methodology

Details of the three types of spatial transformations used to produce
composite data sets are given. The extent to which data sets must overlap
and the usefulness o f other smaller test scans in the production o f correction
factors which take account of the motion o f the AUT are described.

The

extent of the corrections needed is illustrated and example levels o f
correction are included.

Chapter 7

Assessment of the results.

Two sets o f results produced via the measurement technique are examined
firstly by inspection, to which end a number o f plots are illustrated, and then
a more objective numerical technique o f classification is developed.

The

data is first condensed from full arrays to 15 dimensional vectors then these
vectors are compared or correlated in terms o f their inner products with
defined orthogonal vectors.
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Chapter 8

Discussion and conclusions

The uncertainties in the measurement process introduced as a result o f the
partial scan technique are reviewed and assessed.

The introduction o f a

scaling mechanism into the image classification technique is also discussed.
Conclusions are drawn as to the increase in accuracy but loss o f repeatability
introduced by the technique and future work is introduced
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1

Object of the project.

1.1

Antennas

Antennas are the components in any microwave system that represent the
interface between the guided wave circuits that constitute the system and the
free space environment in which it is placed. As such, the purpose o f any
antenna is to act as an impedance matching device across this free space
interface so that power can be transferred across this interface from or to, the
guided wave circuits [1.1].

This ability to impedance match the usual 50 Q or 75 Q guided wave circuits
to the 377 Q o f the free space environment is the basic task o f any antenna
system and if the antenna is efficient then power can pass easily between the
system and its environment. In practice any antenna may well have, in many
cases, the additional task o f directing this power that is coupled out o f the
system in specific spatial directions. Conversely the antenna may be required
to collect the power from specific directions and direct it into the system,
dependant on whether the antenna is to be used to transmit, (Tx) and / or
receive, (Rx) power.

Antennas are used in situations in which the transfer o f power and
information between systems or components that are at large spatial
separations is required.

This often means that the directive nature o f the
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power transmitted by the antenna is fundamental to the ability o f the antenna
to perform its role successfully.

As the directive characteristics of an antenna are o f such importance it is not
surprising

that

in

the

design

and

development

of

systems,

e.g.

communication or radar, the successful characterisation o f the directive
features o f antennas is o f such importance. The angular distribution o f the
power that is directed from an antenna is usually referred to as the antennas
pattern [1.2], and the successful measurement o f this pattern is a vital part o f
the design and development of any system in which the use o f antennas will
be required.

Since, as already stated, antennas are used to transmit between systems that
are at large spatial separations it is the directive nature o f the pattern at large
distances from the antenna that is important, in the so called far field. Figure
1.1 below shows the distribution o f fields around an antenna and labels the
different regions that surround any antenna as a result o f the spatial extent o f
the AUT and as a result o f the wavelength associated with its operating
frequency.

These different regions around the antenna being defined in terms o f the
distance R from the antenna and D the size o f the antenna aperture by:
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R < X/2tu,

reactive near field

X/27L < R < 2D2/X,

radiating near field

R > 2D2/X

radiating far field

Figure 1.1
RADIATING
FAR FIELD

REACTIVE
NEAR FIELD

ANTENNA

RADIATING
NEAR FIELD

The Reactive, Near and Far field radiating regions around an antenna.

The existence of these regions is a function of the nature of the
electromagnetic fields that are to be found in the space around the antenna.
These fields can be defined classically in terms of a near field reactive zone,
a near field radiating region and a far field radiating region. The near and far
field radiating regions often referred to as the Fresnel and Fraunhofer regions
respectively.

All these regions exist as a result of the different modes of the fields set up
around a conductor being excited by a radio frequency (RF) signal.
Additionally the distance in wavelengths from the antenna is important, as
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evanescent modes will decay exponentially with distance so are not found in
the far field.

The nature of the electromagnetic fields found in the near, and

far field radiating regions is similar, the only difference being that close to
the antenna the angular distribution o f power cannot be defined with respect
to the antenna being considered as a point source. This means that the near
field radiating region’s field distribution does not represent a far field
diffraction pattern for the aperture o f the antenna.

Alternatively, the fields around an antenna can be considered to be divided
into regions in which the quanta emitted, by the excited charged particles in
the material which constitutes the structure o f the antenna, are either
dominated by virtual coulombic photons or real magnetic photons.

The

extent of the near field region being determined by the energy time derivation
o f the Heisenberg uncertainty relationship which must be satisfied if energy
is to be conserved locally [1.3].

In the past, as will be illustrated in chapter 2 the measurement o f antenna
patterns has usually involved the tests o f antennas, which have been limited
to only the far field radiating region. However, advances both in the types
and complexity o f antennas has made demands, in terms o f accuracy and
repeatability, that make traditional techniques [1.4], increasingly inadequate.
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1.2

The requirement for measurement technique advances.

The advances in the complexity and sophistication of antenna assemblies in
resent years that have been made possible by the increased use of computer
aided engineering, has meant that traditional
techniques have become increasingly outmoded.

antenna measurement
This is particularly

highlighted in terms of providing the volume and precision of data required,
to make informed design decisions.

Additionally the enormous reduction in computational time required to
produce accurate numerical predictions if sufficient raw data is available has
meant that the limited data sets available from the traditional far field
analogue range has also become increasingly inadequate for the antenna
design engineer.

This increase in the ability to predict antenna performance has also led to an
increase in the performance expected of antennas especially with respect to
their side lobe levels, and this has also added to the requirement to develop
new and novel antenna measurement techniques. Finally the advances in
solid state technology particularly in the fields of high frequency field effect
devices, and high mobility transistors mean that fully active phased array
systems based on arrays of elements which are separately amplified and
phase adjusted are now viable, reliable production antenna assembly items.

The development of such high gain directive antennas with shaped beams
and complex aperture illuminations has substantially increased the demands
made on antenna measurement systems. The effective measurement of such
active array antennas poses many new challenges for which the traditional far
field range may not hold the best solutions.

This combination of the need for increased volumes of data, precision of
data, and new types of data has led to the introduction of a variety of new
antenna measurement methods, principally compact and near field ranges.

However all measurement systems and techniques have inherent limitations
imposed by the nature of the energy exchange or interaction with the
measurand and as such these limitations need to be explored, highlighted and
if possible quantified.

This research project concerns the development of a measurement technique
that is unique to near field measurements. It depends upon the construction
of combined data sets acquired sequentially after the antenna under test
(AUT) has been subjected to a precisely controlled spatial transformation
between scans.
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1.3

The advance in technique being addressed.

The object of this research project was threefold
(1) To extend the range of antenna measurements that can be made on a
planar near field antenna test range by the use of a secondary spatial
transform technique, as described in the text.

(2) To develop an exact error budget for the measurement process so that its
accuracy and repeatability can be assessed and thus compared to that which
might be expected from other methodologies. This is the stage of the project
when the exact nature and extent of the interaction between the measurement
system and the measurand is quantified.

(3) To develop a quantitative metric that can be used in the assessment
scheme, so that the usual practice of judging the accuracy of antenna
measurements subjectively by inspection, can be augmented by a quantitative
numerical assessment of similarity or correlation between data sets.

It was intended that all three of the objectives would be addressed
simultaneously as aspects of each might well impact on the others and the
progress of one area can have considerable influence on the scheme of work
designed for the other areas. In fact, as will be expanded on in the main text,
the developments in the error budget did affect the course of the
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measurement scheme.

As a result o f these developments, the uncertainty

measurements made in the construction o f the error budget were the basis o f
considerable modifications, which were made to the structure o f the RF sub
system of the scanner.

Thus overall, the object of the research project is to extend the ability o f a
planar scanner to measure antennas in terms o f the fundamental limitations o f
the measurement technique, to assess the factors involved in the technique
which could introduce additional uncertainties and errors and, finally, to
make a quantitative assessment o f the impact o f these errors on the measured
results.

1.4
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2

Antenna Measurements

2.1

The usual criteria for antenna measurements.

2.1.1 Parameters defined.

The main parameters defined during the characterisation of an antenna are:

(a)

Input impedance

(b)

Radiation pattern

(c)

Gain

(d)

Polarisation

(e)

Radiation efficiency

In the types of radar antenna used in the project, a very high radiation
efficiency is expected, > 98%, so it is not a parameter of particular interest
for this project.

Although all four of the other parameters have an impact on this research
project, and on the nature of near field antenna measurements made at
DERA Funtington. It is the extension of the near field technique to better
characterise the radiation pattern of an antenna that is the prime aim of the
project.

Therefore it is this area of antenna measurements that will

constitute the main focus of the research.

2.1.2

Far field measurements

The usual method adopted to measure the far field antenna pattern of an
antenna is to mount the antenna in such a way, as it is able to transmit /
receive as it would in free space. Then using a fixed test antenna that is at a
sufficiently large down range displacement transmit a waveform from the
AUT and monitor the output signal of the test antenna. Figure 2.1 below is
a simplified representation of a traditional antenna test system or far field
range.

Figure 2.1

AUT

Fixed A ntenna

Positioner
Transmitter

Ground p lane

R eceiver
Servo

D ata Logger

D etector

Representation o f essential features o f a fa r field antenna test range

The AUT can then be rotated in the azimuth plane, and thereafter in the
elevation plane.

The output signal from the antenna will indicate the

variation of the antenna far field radiation pattern with angle.

The

positioning of the antenna can be modified and cuts through the full three
dimensional radiation pattern acquired at a number of angles defined in
terms of a standard spherical polar co-ordinate system, see figure 2.2 below.

Figure 2.2

T heta

X

Phi

Spherical co-ordinate system, antenna aperture defined in the x,y plane

Figure 2.1 although highly simplified is useful in highlighting certain of the
limitations that are inherent in this type of measurement. Note at this time
we are not discussing the limitations that might be described in terms of the
specifications of any of the instrumentation, e.g. servo accuracy, receiver
gain, but concentrating on the implications of the test methodology itself.

The first limitation that should be recognised is that in order for the AUT to
transmit as it would in free space, it would need to be in free space, and not
surrounded by the inevitable clutter associated with mounting the AUT and
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test antenna, usually on towers.

The close proximity of such high

conductivity solid material, as a rule mounting arrangements would involve
metallic structures, will inevitably mean that reflections and multipath are
introduced into the measurements. Additionally the proximity to the ground
and any other structures will also introduce signal multipath effects into the
measurements.

The careful mounting of the AUT to reduce spectral

reflections and the use of adsorber can mitigate these errors. However the
ideal of radiating into free space is not available and compromises will need
to be made in terms of the accuracy that the measurements are required to
have, and the ability of the test range to correct for multipath effects.

Secondly, and more fundamentally, the test methodology is based on the
assumption that the field incident on the antennas at their associated down
range displacements is that of a transverse free space plane wave.

As

already discussed the presence of multipath will interfere with this but also
the actual down range displacement required to produce a plane wave is, in
theory infinitely large.

This means that some approximation to a plane

wave must be accepted in the field in which the AUT is tested. The usual
criteria that is accepted is that the variation in the phase of the field across
the test zone should not be greater than ± 22.5 0 and the amplitude variation
0.5 dB [2.1].

However this compromise will inevitability affect the

measured far field patterns and if high accuracies are specified very large
down range displacements between the AUT and the test antenna will be
required to reduce these variations.

These limitations in the accuracy of the test method can be described in
terms of the apparent multipath that they introduce into the pattern, by way
of altering the plane wave. This means it is possible, to a large extent, to
model all errors and their associated uncertainties in terms of multipath or
multiple sources of the field incident on the antennas,[2.2]. Such errors in
the measurements will be observed in the pattern by the extent of the
uncertainty in the levels at which certain features of the patterns can be
resolved. The usual criteria being the levels and positions of side lobes in
the pattern with respect to the peak of the main lobe that can be identified
with any given degree of accuracy. It is this measure of accuracy that will
mainly be applied throughout this research project although other measures
will be attempted.

This means that if high accuracy is required very large down range
separations between the test antenna and the AUT are necessary. This large
down range displacement will of course have practical ramifications in
terms of real estate and power transmission problems so test methods which
do not involve large separation distances are preferable to the standard far
field method.
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2.1.3

Alternative measurement methods

The Compact Range:

If the field produced by an antenna could be collimated and/or reflected by
the use reflective panels or lenses it would be possible to make far field
measurements at much smaller down range distances than those usually
required by far field ranges. This measurement technique is usually referred
to under the generic term of the Compact Range.

It has many advantages over the far field range in terms of the area required
for the range and thus the ability to set it up in an internal anechoic
environment.

However as a technique it also itself has certain inherent

inaccuracies associated with it.

The major of these being that the extent of any test zone is severely limited
by the size and accuracy of the reflective panels or lenses used and that
since these devices are of finite extent edge diffractive effects will be
introduced into the patterns. These errors can be defined, measured and
quantified. Thus the technique can be successfully applied [2.3] with, as in
the case of the far field range, the uncertainties in the far field pattern
usually being defined in terms of side lobe accuracy with regard to
amplitude and pointing angle relative to the main beam.
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Near Field Scanning:

Another completely different method of assessing antenna patterns is
available, that of Near Field Scanning. This involves the measurement of
the radiation produced by an antenna in its radiating near field and from this
data mathematically calculating the far field.

There are three main geometries invoked in the method of near field
scanning.

(a)

Planar

(b)

Cylindrical

(c)

Spherical

However all of the geometries have certain features in common, primarily
that the field produced by an antenna is sampled at a number of discrete
points over some surface, ( a, b, or c being the main surfaces used), and
from the sampled data via the use of mathematical transforms, the far field
antenna pattern is calculated. All of the surfaces have practical advantages
and problems associated with them but since this research project will be
primarily concerned with planar near field scanning. The inherent problems
of this technique will be examined with particular reference to the
uncertainties introduced into the measurements by the technique.

?Q

Figure 2.3 below is a simplified illustration of the planar near field
technique. It can be seen that the test antenna or probe is scanned in a raster
across the face of the AUT with data being acquired at intervals of at most a
X/2interval in a plane and to ensure the absence of reactive energy at 3X
from the antenna aperture.

Figure 2.3

^'^'\Near Field
Amplitude-Distribution
Probe
Antenna
Under Test
A/2

Measurement
Plane

Plane
Illustration o f the near field AU T and probe orientation.

However in the diagram all of the energy radiated from the AUT, shown as
the coloured region on the probe plane, is incident on the scan plane and this
need not necessarily be the case. In fact in a planar scanner all of the
radiation is never incident on the scan plane. There will in fact always be
an error associated with this lost or unmeasured radiation and the amount of

in

radiation that goes unrecorded is an important factor in deciding on the
applicability of a planar scanner for any antenna measurement.

The proximity of the scan plane to the antenna’s aperture, dictated by the
extent of the reactive near field, along with the physical dimensions of the
AUT, are the factors which limit the size of any antenna which can be
measured using a planar scanner [2.4]. These factors also determine the
nature of the primary and secondary truncation errors in the measurements.

The primary truncation error determines the angle off boresight out to which
any far field pattern can be predicted from near field measurements, and the
secondary error limits the extent to which the pattern within this angle can
be accurately predicted.

The fundamental limiting error introduced into the measurement of any
antenna via the planar near field measurement technique is this truncation
effect of the finite scan plane area. Figure 2.4 below illustrates the extent of
the primary truncation error angle 6, in terms of the physical dimensions of
the AUT, D, the scan plane L, and their separation d. This diagram shows
that outside of the cone produced by the angle 9 the energy propagation
away from the AUT has not been measured so no prediction of the far field
pattern is possible.
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Additionally if a more than a negligibly small amount of the power radiated
by the AUT is not incident on the scan plane a secondary truncation error
will effect predictions of the pattern within the angle 0.

Figure 2.4
Probe
Measurement Plane

AUT

The primary truncation angle fo r planar measurements

Other effects may be more pronounced in near field measurements, e.g.
multipath and the close proximity of the test probe to the AUT may also
introduce coupling. However, just as it is the field variation across the test
zone for far field ranges, and the diffraction and limited extent of the test
zone for compact ranges that are the limiting factors in accuracy. It is the
finite extent of the scan plane in the measurement set up that is the single
factor that limits the applicability of planar near field scanning. Thus it is
this factor which restricts the types of antennas that can be successfully
characterised in any planar facility.
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2.2

2.2.1

The theory of planar near field measurements.

The transformation of near field data

All near field antenna measurement systems are based on the concept that
energy leaving an antenna always propagates in a straight line. This means
that measurements made at any down-range distance, assuming the
direction of propagation can be ascertained from them, can be used to define
the direction of propagation in the far field.

Planar near field measurement systems operate by measuring the phase and
amplitude of the propagating field over a scan plane and then computing the
far field angular spectrum using a two dimensional Fourier transform [2.5].
As this process of calculating the far field from the near field is
accomplished via a transform it will be described using a Fourier optics
approach, however the theory is equally well couched in terms of Doppler
beam forming or aperture synthesis [2.6].

The amplitude of the field produced by an antenna is inversely proportional
to the distance from the antenna so at greater distances from the AUT the
measured field strength will be smaller.

However at increasing larger

distances the inverse functional relationship between the amplitude and the
distance means that the rate of change of amplitude with distance is
decreasing, so that in theory at infinity it would be zero. This means that at
large distances, where the finite size of the AUT is very small compared to
the distance, all points on the antenna aperture can be considered, from an

amplitude point off view, to be at the same distance from any measurement
point.

The rate of change of phase is constant with distance so if all the amplitudes
of the fields in the aperture that relate to radiation are added coherently and
scaled in terms of any given distance this will give the antenna field
amplitude on boresight.

To calculate the amplitude at any angle off

boresight it is only necessary to add a constant phase shift equivalent to the
rotation of the antenna to that angle and again sum coherently the complex
amplitude.

Such a summation of complex amplitudes over a range of

phase shifted angles can be easily identified as a Fourier transform.

The measured near field E is related to the far-field spectrum A by the
Fourier transform pair [2.7]

(EQ 2.1)

where: x, y, and z, = the spatial co-ordinates of the measurement probe
kx, ky, and kz = the components of the wave vector &i nu, v space.

(EQ2.2)

These equations relate the measured near field data to the far field or plane
wave spectrum (PWS) and if A(kx,ky) is band limited in the x and y

directions to kxm and kym respectively, the near field can be reconstructed by
a sampling rate of,

(EQ2.3)

A x —K /kxm > A y —K /kym

Thus the PWS can be approximated [2.8], by.

A (k x,* ,) =

X

(EQ2.4)

n=0

m=0

letting,
A, = iA t,

Ax

Where,!' = 0,1,2.......,AM,
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k = l A k - —

Ay

Where, 1 = 0,1,2,......Jlf-1,
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and

n=0

m=0

/ = 1,1,2,....^/-!,

is

which is a suitable form for FFT processing.

It should be noted however, that the field cannot in fact be measured in the
antenna aperture as in this position the probe would be reactively coupled to
the AUT. In this case the primary response of the probe would be to the
evanescent modes associated with the reactive near field of the AUT.

However if the field is measured in the radiating near field in excess of
some 3 wavelengths, 3À,, from the aperture the evanescent modes will have
decayed to such an extent that only the radiating modes will be of any
consequence to the measurement. 31 is far in excess of A/2ti, the distance
generally accepted as being sufficient for the evanescent modes to have
effectively decayed to a negligible figure [2.8], but to be absolutely sure that
only radiation is measured such a displacement is advisable and practical.

Thus in near field scanning the true aperture distribution is not measured,
however an infinity of other virtual aperture distributions would produce the
same far field, the only difference being that they would all be at slightly
different distances in the z direction[2.9].

So by measuring one of these

virtual distributions that is free of reactive modes the far field pattern can be
processed from the measured near field radiating modes.
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2.2.2 Pattern compensation

An additional complication is that the measured data does not represent the
actual near field response of the AUT, rather it is the convolution of the
AUT and test antenna, or probes response. This means that the data needs
to be probe compensated to extract the true far field response of the AUT.
This is most easily performed by transforming the measured data via a two
dimensional Fourier transform from the spatial to the angular domain and
then using the convolution theorem, [2.10], dividing the calculated response
by the known probe far field characteristic. Thus by using the result of the
convolution theorem, that the convolution of the AUT and the probe in the
near field will be their product in the transformed far field, the data can be
compensated to remove the probes response. This of course assumes that
the probes response is initially sufficiently well characterised.

The characterisation of the probe is made all the more important as the
deconvolution is performed via division in the transformed domain. Thus
the presence of noise or inaccuracies in the characterised levels of the probe
pattern can have serious consequences.

The process will involve the

division of the predicted pattern by very small signals and the use of such
small numbers can lead to high levels of inaccuracy in the results if the
probe pattern is insufficiently or inaccurately characterised.

There is also the additional complication of the Lambertian nature of the
scan plane, in that the projected area of the surface over which the probe is
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scanned is a function of the angle off boresight that the surface is viewed
from.

This facet of the action of the scanner is perhaps illustrated most readily in
terms of treating the probe as a synthetic aperture. If the probe is assumed
to be the transmit antenna and the AUT the receiving antenna, then the
measurement of the near field, is composed of samples of the convolution of
the AUT / probe pair measured sequentially at all the sampling points. This
should be identical to the field that would be measured if it were possible
for the probe to be present at all the sampling points simultaneously and the
field measured at one instant in time. Thus the probe can be considered to
be the source of an incident plane wave on the AUT, and the calculated far
field on boresight the coherent summation of the measured responses at all
of the sampling points. To calculate the far field at any angle off boresight
it is only necessary to apply a phase shift to the measured responses, that are
related to the phase shift produced by the action of angling the scan plane
relative to the AUT, as shown on figure 2.5. where arrows are use to
represent the power flux density

However, the response of the AUT on boresight is to a certain synthetic flux
density, i.e. that which would be produced if the probe was present at all the
sampling points simultaneously. As the far field is calculated at angles off
boresight the total synthetic flux remains constant while the projected area
over which it is synthesised decreases. This means that the response of the
AUT at angles off boresight is the response to a higher flux density than on

boresight. So the calculated far field has to be scaled in term of the cosine
of the angle theta as shown on figure 2.5 to compensate for the increase in
synthetic flux density.

Figure 2.5

Array of
Probes
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Synthesised
Plane Waves
Decrease in the distance between sampling points with angle

With the required compensations are applied, the far field of an antenna can
be accurately calculated from the measured near field but the size of the scan
plane does limit both the size of antennas that can be characterised and the
accuracy to which this can be done. Since, if a significant percentage of the
energy produced by the AUT is not incident on the scan plane there will be
inaccuracies in the computed far field.
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3 Near field measurements at DERA Funtington

3.1

Description of the measurement system.

Near field measurements at DERA Funtington are performed using a vertical planar
near field scanner system, an outline of the system being shown in figure 3.1 on the
next page followed by figure 3.2, a pictorial representation showing the main
elements of the measurement system on page 44.

As described in chapter 2 the aim of the scanning process is to acquire sampled data
on a plane adjacent to the aperture of an antenna, but not so close to the antenna that
the probe and AUT are effectively reactively coupled.

Then to use this data to

predict the far field angular pattern of the AUT. The operation of the scanner can be
described in terms of three subsystems,

(1)

Mechanical sub-system.

(2)

RF sub-system

(3)

Software and control sub-system.
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3.2

The mechanical sub-system.

As can be seen in figure 1 appendix A, mounted in a suspension system are two
carriages, (x and y) designed to hold the probes, supported on a rigid framework for
scanning the probe in the x or y direction on the scan plane. The y carriage moves
within the confines of the x carriage thus allowing the movement of the probe in the
horizontal y direction while the entire large carriage assembly moves vertically to
provide the movement in the x direction.

The x carriage suspension system mechanism is supported on a very stiff framework
designed to minimise friction using only one 60 mm diameter linear rail with
recirculating bushes.

The lower guide rail reduces the alignment problems since

only the front face of the lower rail has to be straight and parallel to the upper rail, i.e.
straightness in the y direction is unimportant. The x carriage has a mass of approx.
one tonne but can be easily moved by hand when the drive is uncoupled.

The y carriage with the probe mounted in it runs in the x carriage on conventional
twin 30 mm rails, and probes up to a mass of 15 kgs can be mounted in the carriage
without any compromise to the maximum operational speed of motion, 0.9 ms"1

The probe can also be rolled within the mount and a limited ability to move the probe
in the z direction, away from the scan plane, is also available. However unlike the
other axis of motion so far mentioned the motion in the z direction is not under
computerised numerical control (CNC).

The z axis roll and azimuth movements of the AUT are controlled by an AL4906-3A
position program controller with a built in power supply when the AUT is mounted
on the Orbit tower as shown in figure 1 appendix A.

The tower sits on a subsidiary

carriage which can be manually moved in the z direction between shot bolt intervals
of 250 mm over a distance of 2,000 mm and there is an additional CNC controlled z
axis movement of 250 mm mounted in the main carriage.

A CNC machine controller drives the motors and the servos in a feedback loop and
also provides facilities for control diagnostics. The machine is manually driven to
datum positions in the x and y directions during a start up and home procedure in
which all the reference axis are zeroed, and from this point onwards the machine
controller becomes transparent to the operator

The drives on all axes use three phase a.c. servo motors, with both the x and y axes
driven via conventional leadscrew/ballnut assemblies, with the screws stationary and
the motors mounted on the driven carriages.

This configuration avoids resonant

modes of the lead screws that could be set up during motion and thus avoids this
source of vibration. The alignment of the mechanical structure is to the highest
degrees of tolerance and discussion of the exact extent of its accuracy will be delayed
until the chapter related to errors and uncertainties in the measurements. However
for stability purposes it should be noted that the building in which the scanner is
housed is air conditioned to within + or - 1 degree Celsius and the relative humidity is
controlled to within 5%, as stable environmental conditions are required to maintain
the accuracy of the measurements.

3.3

The RF sub-system

This is based on the Hewlett Packard HP8510C vector network analyser. The 85IOC
is used as a fast data acquisition receiver, (acquisition rate 1000 samples/second), and
as such it is always operated in the FASTCW mode which is the only mode available
for rapid data acquisition.

In this mode the scanning probe is continuously

illuminated when the AUT is excited by a RF source.

Remote mixing is supported by the HP85309A LO/IF distribution unit, see figure 2
appendix A, with the reference mixer mounted behind the AUT mount tower base,
with the reference signal coupled off from the AUT feed via attenuators as required.
The level of the LO to the REF mixer is monitored internally and fed back to the
HP8530A to set the LO level for the mixers, ensuring their efficient operation.

Test signal mixers providing for the measurement of two polarisations are mounted at
the back of the y carriage so that they can move in unison with the test probe.
Multiplexed LO and IF signals are carried from and to the mixers on flexible phase
stable cables, one for each channel.

These flexible cables are housed in curved

conduit that is designed to confine the cables for the test channels to two constant
rolling bends so that the overall curvature of the cables carrying the LO and IF is
constant. More will be said about the effectiveness of this arrangement in the chapter
on errors, uncertainties and the error budget.

Although the IF signals obtained from the output of the mixers of the AUT and the
probe are continuously available at the input of the HP8510C, the analyser remains in

47

the idle state. It does not acquire data until it is triggered by the falling edge of the
TTL input trigger pulse from the fast hardware circuits on the scanner that initiate
data acquisition. These triggering inputs originate from optical encoders mounted on
the various axes under CNC control within the scanner with their most common use
being to correspond to logged positional values on the x, y plane of the scanning
probe, set up by the increment values selected in the control software.

After the HP8510C has been triggered to acquire data, there is a built in delay of
approx. 70 psecs before the RF data is actually acquired by the synchronous
detectors. This delay is designed to compensate for the propagation delays from the
IF input to the synchronous detectors so that the data acquired and transferred via the
HPIB bus to the controller is the data that was present at the IF inputs of the
HP8510C at the time the trigger pulse was received. Although pulsed mode will not
be used in this project it is also available still using FASTCW mode but by adjusting
the pulse timing such that the pulsed RF coincides with the positional trigger
positions and the actual pulsed RF signal.

Two synthesised sources are required for the RF system one for the RF source and
the other for the LO. The HP8510C and the distribution unit HP 85309A control
both the RF and LO sources through the system interface bus to provide a stable
signal at a constant frequency during the period of measurement, again how stable
and constant this is will be addressed later in the error budget chapter.

To cover the entire frequency range of the scanner 9 probes are required, although in
fact more are available. The probes fall into the frequency ranges
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Type

Bandwidth GHz

Transition

(A)

Circular choked wave guide

2.6-3.5

orthomode

(B)

Circular choked wave guide

3.5-4.S

orthomode

(C)

Circular choked wave guide

4.8-6.5

orthomode

(D)

Circular choked wave guide

6.5-8.7

orthomode

(E)

Circular choked wave guide

8.7-11.8

orthomode

(F)

Circular choked wave guide

11.8- 15.9

orthomode

(G)

Circular choked wave guide

15.9-21.5

orthomode

(H)

Circular choked wave guide

21.5-29.5

orthomode

(I)

Circular choked wave guide

29.5-40.0

orthomode

(J)

Rectangular wave guide

4.0-8.0

singlemode

(K)

Rectangular wave guide

8.0-12.4

singlemode

(L)

Rectangular wave guide

12.4-18.0

singlemode

All of the probes have 3 dB beamwidth of 50-60 degrees, isolation of >35 dB,
insertion loss of <0.2 dB and return loss > 20 dB, but more details of the probes will
be given in the chapter on error budgets.

3.4 Software and control system.

3.4.1

General

The software tasks for data acquisition and control are performed on an HP 382
controller which provides the interface between the user and the near field facility
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operations using Rockey-Mountain BASIC as the operating environment.

A

“Window “ type system is employed to provide menu choices for he complete
operation of setting up scans, execution of scans and if required the processing of
data. A complete set of the listing of the program is documented and listed as ref
[3.1].

3.4.2

Data acquisition sub-system

The data acquisition subsystem is designed for the tasks of the correct and
synchronous logging of two sets of data. The first is the x and y trigger position
arrays, and the second set of data is the corresponding RF data arrays of the near field
of the AUT as measured by the probe.

Positional data logging and triggering has been implemented in hardware with the
position data obtained from incremental optical encoders which, in theory, provide bit
resolution of 10pm at the maximum probe speed. The position logging hardware is
based around a multiprogrammer rack system, HP6944, with an architecture of data
storage and data acquisition cards as well as purpose designed circuitry for counting
pulses and generating triggers. The RF data is acquired at the sample positions of the
regular Cartesian grid when the “position reached “, criteria is satisfied are separately
buffered in the HP8519C, with the buffer cleared at the end of each row of scanning.
Full details of the data acquisition sequence is available in, [3.2].

Scanner controller is an OLIVETTI-ALLEN Bradley model AB-MC8600, a
multitasking, multi-processor type, dedicated for automation and machine tool
operations. Software for the scanner is based on the Part-Programming language, and
the MC8600 interfaces with the HP-382 controller via a dedicated RS232 link.
Handshaking between the two controllers occurs during scanning on the fly with the
RS232 allowing the relay of scan parameters and commands.

Four major facilities are provided by the software sub-system:

(a) It provides the facilities for the control, setting up and checking of equipment.
Additionally it allows the execution of scans including and handshaking
operations.

(b)The processing software provides the opportunity of basic processing on the fly
such that once a full scan has been completed post-processing provides the full far
field pattern within typically 10 seconds.

(b) The display software provides plotting facilities in a number of formats, and for
hardcopy output.

(c) It also provides a number of general utility subroutines for disc filing and data
archiving.

All of the subroutines and software functions are detailed in,[3.2].
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Additionally so that the scanner facility can make measurements and process data
simultaneously software has been written in house to transfer files directly from the
HP383 to a PC where all the processing can be performed on software again written
in-house in MATLAB. This enables the scanner facility to be used more efficiently
and allows greater flexibility in the types of processing done in response to customer
requests.

3.5

Measurements.

For a measurement to be made the AUT would be positioned on the model tower as
shown in figure 1 appendix A, and then aligned. There are three methods used in the
scanner to align the AUT these being:

(a)

Optical alignment.

(b)

Mechanical alignment.

(c)

Electrical alignment.

To optically align the antenna there must be suitable optically aligned markers on the
AUT, e.g. an optical cube, so that the use of an optical transept, or theodolite is
viable. However this is not usually the case.

This means that the most usual method of alignment is the use of a Renishaw ball
touch probe that can be mounted in the probe carriage of the scanner, [3.3]. This
probe, which will detect movements of the order of 10pm, and as such can be used to
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touch the antenna while the z carriage of the antenna mount is under CNC control.
This will define the plane of the aperture of any antenna, which can be subsequently
adjusted to bring it into alignment with the scan plane.

Finally if the difference between the electrical and mechanical boresight of the AUT
is not a matter of importance, small near field scans of the AUT will reveal the phase
distribution of the near field across the AUT aperture. The position of the AUT can
then be adjusted to produce a uniform or symmetric phase distribution across the
aperture, however this assumes that this is what is present on boresight.

With the AUT aligned it can be scanned at the appropriate sampling interval to
produce the required inphase and at quadrature data that can then be processed to
produce the far field pattern and or the field in any given plane in front of the AUT,
[3.4].
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4 The utility of secondary spatial transforms.

4.1

The truncation problem.

The truncation problem is directly attributable to the limited extent of the scan plane
area. It is this limitation on firstly the extent of the data that can be collected, and on
the nature of the data at the extremes of the sampling interval, or scan plane that leads
to the error.

The basis of the truncation problem can best be illustrated by the use of the
simplification of examining a theoretical antenna, which would produce a plane
wave. Figure 4.1 below shows an ideal lens antenna which is emitting energy that is
propagating towards the right of the page, with the red lines on the diagram
representing lines of equal zero phase angle.

Figure 4.1
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Since the spacing between each line is 360° of phase this represents X, where X is the
free space wavelength of the radiation.

These lines of constant phase could be

measured with a probe which should find that at each position at which it is shown on
the diagram both the amplitude and the phase are constant. For ease of explanation
we shall assume that the phase fronts are measured at lateral distances across range of
X, so the difference in phase measured between the successive positions of the probe
is 0 degrees downrange per 360° cross range.

If the antenna were not orthogonal to the plane on which the scans were made a
different result would be expected, a tilt between the scan plane and the AUT can be
produced by either altering the scan plane or the position of the AUT. Since the form
of the waves produced by the RF excitation is based on the solution of Maxwell’s
equations which are relativistically invariant to Lorentzian transforms between
inertial frames of reference, [4.1] either moving the scan plane or the AUT should
produce the same response. Therefore again for ease of explanation it is the scan
plane that is moved in figure 4.2 below.

Figure 4.2
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On this diagram at the first sampling position the probe will measure 0° of phase at
the second -60°, at the third -120°, at the third -180°, and again the cross range
distance between samples is X. This means that the measurement plane has a phase
slope of -60° per 360° of lateral or cross range travel, thus -1/6X per X, or a phase
slope of -1/6. This is a slope of -1/6 of a wavelength per wavelength or since X =
360° -1/6 of a cycle per wavelength.

The units of cycles per wavelength define a spatial frequency just as units of cycles
per second define temporal frequency, [4.2]. Cycles per wavelength is also a direct
measure of beam tilt or the direction/angle of energy propagation.

As stated in

chapter 2 it is the discovery of the directions of energy propagation in the near field
which can be used to produce the far field which is the primary function of near field
scanning.

The discussion above illustrates the complimentary nature of the time domain /
frequency (cycles per second), spatial domain / cycles per wavelength, and it is this
Fourier transform relationship between the variables that is the fundamental source of
the transform relationship between the near field measured at points in space and the
far field predicted at specific angles.

However this discretely sampled field

distribution in space via the transform is also the source of possible errors in the
predicted far field.

4.2

Secondary error as spectral leakage.

Clearly the primary truncation error is a function of the size of the scan plane as
beyond a certain angle as illustrated in figure 2.4, no signal has been measured.
However the finite size of the scan plane can also affect the predicted far field within
the angle defined by the primary truncation area. This means that it may not be
possible to predict the far field of antennas even over the limited extent of the angle
defined by the scan plane because of spectral leakage.

The FFT used in the processing of the data essentially considers data to be continuous
over the sampling interval, the signal is required to be this, or spectral leakage will be
introduced. Figure 4.3 below illustrates the simple case of a sinusoid which is not
sampled over a period over which it is continuous and the resulting discontinuity
introduced as [4.3].

figure 4.3
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This means that on the scan plane over which the near field data is acquired the
measured field strength must be as close to zero as possible at the edges of the scan
plane. Otherwise spectral leakage introduced into the transform will produce a PWS
of the AUT that has additional angular components that are not actually present and
the main beam will be broadened, as illustrated in, [4.4].

These components will be introduced into the PWS because the data that is initially
transformed is the product of the aperture field and the window function described by
the sampling plane. This window for the case of the planar scanner is a rectangular
window in two dimensions. Therefore if the window is not large enough to allow a
sufficiently extensive interval to sample the data the measured field at the edges of
the scan plane will be large and thus the spectral leakage will be observed in the
transformed data. This necessitates that the scan plane be big enough to encompass
the direct energy path between the AUT and the scan plane out to the required angle,
with essentially all of the energy that would be incident on the plane of the scan if the
scan was infinitely large captured.

Very small signal levels can be tolerated at the edges of the scan but it should be
remembered that if the signal is not in fact zero an error directly attributable to the
processing of the data will be introduced into the PWS. It is for this reason that a
large scan plane is desirable. Efforts have been made to introduce window functions
which can help to reduce spectral leakage, [4.5] without radically altering the
predicted far field pattern but as with all windowing techniques they must alter the
nature of the PWS predicted. This means that the only effective way to ensure a low

error due to spectral leakage is to have a near field data set that is spatially extensive
enough to have a negligibly small signal level at its edges.

4.3

Transformations as a solution to the truncation problem.

However it is the data array that is actually processed to produce the PWS that is
required to be continuous over the sampling interval not the measured data, and this
array need not be the result of a single scan. If data from a number of different scans
could be combined to produce a single data set and this combined data set was
continuous over the sampling interval the secondary truncation error introduced by
processing could be greatly reduced and the primary truncation error angle increased.

This concept of producing a combined data set that is the result of more than one data
acquisition, taking into account that each individual scan need not be continuous if
their final combination is, is the basis of the secondary spatial transform
methodology.

If a rectilinear antenna co-ordinate system is set up with the horizontal direction
across the scan plane defined as the x direction, vertically up the scanner as the y
direction and with z defined in the usual right handed form as the direction into the
plane of the scanner. This co-ordinate system can be used to define a set of spatial
transforms of the AUT.

There are the three spatial transforms that are used in the scanner to produce
combined data sets the three being:
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(a)

A set of x direction translations.

(b)

A set of x and y direction translations.

(c)

The displacement of the AUT to a comer of the scan plane and a set of
rotations of the antenna about z.

These three sets of spatial transforms are the source of the method of producing
combined data sets and as such represent the fundamental basis of the secondary
spatial transform method which will be discussed in the chapter headed measurement
methodology.

(a) Is the movement of the AUT in one dimension in front of the scan plane,(b)
involves movements both in the x and y directions and details of it along with (c)
where the AUT is rotated will be highlighted in the chapter on measurement
methodology.
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5

The Error Budget.

5.1

The necessity of the error budget.

The characterisation of an AUT cannot be performed in the real world
without additional field components being measured which are not directly
attributable to the AUT’s pattern. This means that certain assumptions are
made about the data gained during scanning, which are not in fact correct, if
the data is to be used to produce the far field pattern. The main assumptions
are,

( 1)

There is no multipath signal measured in the scan.

(2)

The only interaction between the probe and the AUT is free
space propagation.

(3)

The RF measurements have no uncertainties or errors inherent
in them.

(4)

There is no error in the positions at which data is acquired.

(5)

The computation of the far field from the measured data will
introduce no errors.

(6)

The scanner has measured absolutely all of the energy
propagating away from the AUT.

In fact in any practical antenna test range all of these assumptions will be
incorrect and thus the processing of the raw data to produce the far field
pattern will introduce errors into the calculated pattern as a result of these
assumptions. Therefore if an accurate estimate of the real far field pattern is
to be produced the errors implicit in these assumptions will need to assessed
and an error budget for the measurements produced from which the
uncertainties in the final pattern can be defined.

Since the partial scan technique can have an effect on the errors associated
with items 1 to 6, the technique itself must also introduce errors which will
lead to an increase in the levels of uncertainty for the values of characteristics
in the far field pattern of the AUT.

This means that if an assessment of the

accuracy of the partial scan technique is to be made the uncertainties in the
standard measurement process must be calculated and then any modifications
to the measurement technique, e.g. partial scanning, must have its additional
contribution to the error budget assessed.

Note, any quantisation error associated with the digitisation of the analogue
CW signal and its subsequent digital processing as a floating point number is
of such a small value that it has been discounted as a source of major
uncertainty in this error budget.

5.2

The analysis of the errors.

The analysis of near field measurements has been attempted in the past and
reported in the relevant technical publications and extensive recourse will be
made to the methods used in these, e.g. [5.1]

It is fundamental to the assessment of the uncertainties that their prediction
cannot be defined for any given antenna range in the absence of the antenna
that is to be tested. Therefore the extent of multipath signal that is detected is
a function of not only the antenna test range, but also the AUT and of the
exact nature of the tests being performed. Thus any error budget that is used
to defined the uncertainties in the measurement of an AUT unless it is
derived for that AUT and test geometry, can only be considered to be
indicative of uncertainty levels.

This, in turn, means that although the

assessment of uncertainty in a given measurement can be used to assign a
level of uncertainty to a feature in the far field pattern of an antenna, this
level of uncertainty can only be considered to be indicative of the uncertainty
in a measurement of any another AUT.

As already stated in chapter 2 the far field pattern of the AUT can be
considered to be the response of the AUT to plane wave illumination and any
uncertainties in this pattern can be defined in terms of additional sources in
the far field compromising the integrity of the plane wave. These far field
sources are usually modelled as noise sources, although in some cases other
more spatially periodic sources can be examined as they can produce greater
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errors, in the far field. With the total uncertainty in the measurement defined
as the noise power corresponding to the error sources, i.e. the Pythagorean
sum, the root sum o f the squares (RSS) o f the individual noise patterns. Thus
it is the signal to noise ratio associated with the error sources and the signal,
defined as the peak power in the main beam o f the antenna that defines the
uncertainty in the measurement.

If the error sources can be identified and assessed, since we are concerned in
this case with the far field pattern o f the AUT, the production o f an overall
uncertainty is simplified if the effects associated with each error are
transformed to the far field and then treated as far field error or noise sources.
Additionally, random i.e. noise error and any systematic error in the near
field will produce significantly different types o f errors in the far field.
Therefore the accuracy o f modelling the error terms as noise can be
confirmed by attempting the error analysis after the data is transformed to the
far field where linear or periodic measurement errors would display
distinctive and different effects from those o f noise sources.

Therefore the effective assessment o f the level o f uncertainty in any
measurement

revolves

around

the

successful

identification

and

determination, usually by the use o f over determined or redundant
measurements, of the error sources.
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5.3

The error sources.

All of the errors in the measurements will produce a level of uncertainty that
can be ascribed to the final pattern, i.e. an uncertainty associated with the
measurement result, that characterises the spread that could be reasonably
attributed to the quantity being measured, [5.2].

The main sources of

uncertainty being:

:

Probe relative pattern

:

Probe polarisation ratio

:

Probe Gain.

:

Probe alignment error

:

Insertion loss (normalisation constant)

:

Impedance mismatch

:

AUT alignment error

:

Aliasing

:

Truncation

:

Probe position errors

:

Probe AUT multiple reflections

:

RF system linearity

:

RF system dynamic range

:

System phase drift

:

RF path phase and amplitude errors

:

Room multipath

:

Leakage and Cross talk
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Random errors

If accurate and repeatable measurements are to be made with a clearly
defined level of uncertainty associated with the pattern, the errors which
produce these uncertainties must be quantified. It was therefore decided to
address each source of uncertainty in turn and to attempt to quantify each
source’s contribution to the overall level of uncertainty.

5.3.1

Probe relative pattern, gain, and polarisation error.

Since the measured data is in fact the convolution of the AUT and probe
pattern an accurate assessment of the probe pattern is essential to reduce
uncertainties in the final calculated far field. All of the probes used in the
scanner were designed manufactured and tested by ERA (Electronics
Research Agency) and the specifications in terms of gain, isolation, VSWR
(Voltage Standing Wave Ratio), pattern (co-polar and cross polar), are all
provided in [5.3]. Although there is no reason to doubt the accuracy of the
results quoted in [5.3] it was decided to check the accuracy of the x band
probe pattern and gain by way of confirming the accuracy and repeatability
of the quoted values.

The check was performed using two different

methodologies one involving the NFS and another using the anechoic
chamber at DERA Funtington.

The pattern o f the X-band probe at 10 GHz was measured in a 15m x 5m x
7m anechoic chamber at DERA Funtington at a range o f >200 x D2/X , where
D = diameter transmit antenna. The gain was measured via a substitution
method using a Narda 640 X- band standard gain horn.

Additionally, using the fact that the pattern produced in a near field
measurement is the convolution o f the AUT and the probe pattern the
following method o f assessing the probe pattern was adopted.

If an AUT has its Co-polar and Cross polar pattern measured with a test
probe on a near field scanner, for each point in the transformed data, making
use of the convolution theorem. [5.4]

Mc = Acx Pc + Ax xPx

and

Mx = Ac x Px + Ax x Pc

Where:
Pc = Co-polar response of the test probe.
Px = Cross-polar response o f the test probe
A c = Co-polar response o f the AUT
A x = Cross-polar response o f the AUT
Mc = Co-polar measured value
Mx = Cross-polar measured value

Two probes were fabricated from open ended waveguide and one o f these
was used as a test probe, with the other used as the AUT. Both having been
measured with a real test probe so they could both be seen to have, to a high
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level of accuracy, the level of agreement being on average <0.1 dB variation
at -60 dB relative to the main beam, the same far field complex pattern.
Although we do not know how much of the phase response is the probe or
the open ended waveguide.

If the two waveguide probes have the same response if one is used as the
AUT and the other as the test probe, then Ac = Pc and Ax = Px , giving,

Mc = (Ac)2 + (Ax)2

and

Mx = 2 x Ac x Ax

Thus the two measurements produce two simultaneous equations in two
unknowns and the real Co and Cross polar responses of the open ended wave
guide can be calculated and this then used to find the true far field phase
response of the real test probe both co and cross polar.

Additionally at 10 GHz the extent of the possible travel in the z direction of
the AUT mount is such that an extrapolated gain measurement can be made
on the probe with a calibrated standard gain horn as per [5.5], the results after
smoothing being shown in figure 5.1. below and confirm again the accuracy
of the measurements made at ERA.
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Figure 5.1
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Results o f extrapolated gain measurement o f test probe.

An insertion loss absolute gain measurement was also made at 10 GHz as per
[5.5] the results of which are listed below along with the other results.

Anechoic Chamber gain measurement:

11.2 dB

± 0.5 dB

Extrapolated gain measurement:

11.1 dB

±?

Insertion loss gain measurement:

11.2 dB

±?

ERA quoted gain results:

11.0 dB

± 0.4 dB

The figures obtained by all four methods are in close agreement with the
level of error for the Anechoic chamber where the levels of uncertainty for
the measurements were defined by the list of terms given below.

(1)

Accuracy of calibration of standard horn

± 0 .3 dB

(2)

Receiver error over measured difference

± 0.15 dB

(3)

Recorder error

± 0.13 dB

(4)

Maximum effect of ground reflected wave

± 0.3 dB

(5)

Antenna alignment

± 0.1 dB

Maximum error is the sum of these contributions =

± 1.11 dB

Error defined as the RSS of these errors =

± 0.5 dB

These figures being arrived at via an earlier uncertainty budget calculation
for the anechoic chamber, with the uncertainties in the measurements made
on the scanner yet to be calculated as per this uncertainty budget.

Figure 5.2 below also confirms the accuracy of the relative quoted values and
pattern in the ERA documentation by illustrating the agreement between the
patterns measured in the anechoic chamber, the near field scanner and the
pattern listed in the ERA documentation.

For the measurement of the AUT pattern the gain is not required and has
been measured as a exercise to determine the accuracy of the quoted values
supplied by ERA. This along with the close agreement between the pattern
measured in three separate facilities using three different methodologies does
provide confidence in the ERA quoted gain and pattern results.
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Figure 5.2
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Comparison o f the measured probe pattern at three different facilities.

It is not possible within the facility to check the other results supplied by the
ERA in respect of polarisation of the probe and cross polar pattern, but the
agreement between other measurement approaches and ERA’S in respect of
co-polar gain and pattern gives considerable confidence in all of ERA’S
measurements. Therefore it is the uncertainties as quantified in [5.3] and
quoted in [5.6] that will be used to define the errors in the measurements
produced by the polarisation ratio of the probe and the pattern of the probe.
These being quoted in as being at levels of -50 dB and -65 dB of the peak
signal in the probes pattern, respectively for polarisation ratio and pattern.
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5.3.2

Probe alignment error.

The alignment of the probe in its carriage was assessed both for its accuracy
of pointing angle and for its variation as the probe moved across the scan
plane.

The initial misalignment of the probe in terms of its tilt and yaw in the scan
plane can be adjusted to the extent that the instruments used to measure this
misalignment cannot in fact detect any error. This involves the use of a Rank
Taylor Hobson Talyval electronic inclinometer and the deployment of a
Hewlett Packard 5500c laser inteferometer system, the full list of the
instrumentation used can be found in Appendix B. The electronic level has a
quoted accuracy of ± 2% of reading ± 2 seconds of arc, therefore after
adjustment with a reading of 0°, the error in tilt of the probe can be taken as ±
2 seconds of arc. Repeated integrated measurements of the yaw of the probe
at its position at the origin of the scanner co-ordinate system, revealed a yaw
of less than 2 seconds of arc. As no adjustment of the probe in terms of its
roll in the scan plane is possible this parameter is assessed along with its
variation across the scan plane.

The yaw tilt and roll of the probe was then measured each ten times to try
and ascertain the extent of the variation in these three parameter as the probe
was moved across the entire scan plane. Figure 5.3 in shows a plot of the tilt
of the probe across the entire scan plane.

As can be seen the maximum

extent of the variation in tilt is 55 seconds of arc ± 2 % ± 2 seconds at each
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extreme of the measurement, therefore the total possible extent of tilt is off
the order of 58 seconds of arc, approx. 1 minute.

figure 5.3

Tilt in the sc an plane.
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Measurement o f the probes tilt as it moves across the scan plane.

The roll in the scan plane was also assessed and figure 5.4 is an example of
the measurements made. From this plot which was representative of all the
measurements made it can be seen that the variation in the roll of the probe
across the scan plane is 70 seconds of arc ± 2% ± 2 seconds of arc at each
extreme.

This gives a possible uncertainty in the angle of the probe of

approx. 73 seconds of arc.
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figure 5.4

Roll in the scan plane
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Measurement o f the probes roll as it moves across the scan plane

The yaw of the probe was measured using the 5500c interferometric system
and as the probe was in motion while the measurements were being made no
integration of measurements was possible. This meant that the accuracy to
which the yaw could be measured was considerably reduced. In fact no
variation in the yaw of the probe was detected but with a 50 micron noise
floor over the 2 metres of the scan plane that the system could be used over at
one time. Using a single measurement, a yaw of 6 seconds would be
undetectable and as the total 3 x 3 metre plane had to be scanned in 4
sections a 24 second variation could in theory have gone undetected.
Therefore it is this 24 seconds of arc that must be quoted as the uncertainty in
the angle of yaw of the probe with 3 seconds of initial error.
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The extent of the error in the measured electric field as a result of the
misalignment of the probe can be calculated from the extent of the three
angles quoted above and figure 5.5 below shows the physical interpretation
of these errors.

Z
Yaw, Tilt and Roll o f the probe boresight to the z axis

However at 0.0175° for tilt, 0.0067° for yaw, and 0.0213° for roll, the
differences in the measured electric field as a result of the misalignment of
the probe is so small it can probably be ignored in the error budget. The
worst pointing error is of the order of 2 hundreds of a degree and this is
comparable with the accuracy of the antenna positioners in the facility, so
this term may need to be taken into account when a pointing angle
uncertainty is stated.
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5.3.3 Insertion loss and impedance mismatch error.

The error in the insertion loss will not be calculated here as it is a parameter
which effects the accuracy of gain measurements. Since absolute gain is not
a factor which effects the measurement of the pattern, unless the dynamic
range and linearity of the system is limited, it will not affect the uncertainty
in any pattern measurement, and as will be shown the system has a large
linear dynamic range.

As with the insertion loss measurement the impedance mismatch error will
not be calculated in this report as it also is a factor that is only important in
absolute gain measurements.

5.3.4 AUT alignment error.

This source of error falls into two general areas firstly that which is
concerned with how accurate the scanner AUT mounting is, and secondly
how accurately, relative to this assembly, an antenna can be aligned.

These errors fall into two categories

( 1)

The angular position of the AUT.

(2)

The spatial position of the AUT.
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The angular position of the AUT is a function of the accuracy of the
positioners used.

In the scanner facility orbit AL-860-1 and A1-760-1P

positioners are used and these are calibrated to an accuracy of 0.01 of a
degree for static usage.

The position of the AUT relative to the scan plane is under CNC with optical
encoders with a quoted accuracy of 10 pm. Thus all the axes of control for
the position of the AUT can be defined by this accuracy as no measurements
are made on the AUT while it is in motion.

The position of the Antenna

tower on which the AUTs are mounted is known to within 25 pm as a result
of laser intoferometric measurements that have been made on the structure
and are repeated as part of the preventative maintenance program of the
facility.

Figure 5.6 below illustrates the planarity of the positioning of the antenna
tower at different distances from the scan plane. Note that the vertical scale
on the plot is in microns and the horizontal in 5-cm increments, thus the
planarity is extremely accurate despite the appearance of the plot.
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Figure 5.6
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5.3.5

Aliasing

Aliasing is produced as a result of under sampling the near field pattern of
the antenna [5.7]. To avoid this the spatial sampling rate in the plane must be
such as there are more than two equidistant samples taken over a spatial
displacement of X/2 in the x and y directions, X representing the free space
wavelength of the radiation associated with the frequency of excitation of the
AUT. Therefore to avoid aliasing it is only necessary to make sure that the
sampling rate is higher than the minimum requirement of two samples per
wavelength. This is done as a matter of course within the scanner facility
with the AUT near field pattern being oversampled as a normal part of the
measurement procedure. Usually the oversampling is of the order of some

10%.

Figure 5.7 below shows the results of measurements of the same

antenna 10% and 30% over sampled to illustrate that an increase in the
sampling rate has no effect on the computed pattern and that aliasing is not
present to any measurable extent in the computed far field patterns. The side
low side lobe levels at large angles off boresight are displayed as these are
the areas in which any aliased response would be detected. The small
variation in the measured pattern will be explained in the section in this
chapter on random errors associated with the measurements. Since the small
variations do not display different spatial frequency characteristics it is
unlikely that they are the product of an aliased response.

Figure 5.7
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!

S

Ico
I
CD

"O
Kx norm alised to one

Repeated data acquisitions with different sampling rates.

5.3.6

Truncation

Since the size of the error associated with the in the truncation can be directly
related to the extent of the effective scanning area, this error will be

calculated in chapter 7 when the results of measurements are analysed. This
measured truncation effect however would be expected to be comparable
with the truncation that would appear to be present when it is calculated as
the far field pattern of the computed near field data with all data points filled
with zeros except for the data in the outer rows and columns of the data
set.[5.8].

5.3.7

Probe position errors

The position of the probe is mapped via the inclusion of linear optical
encoders within the scanner mechanism.

In theory the accuracy of these

encoders is 10 pm but attempts to verify this accuracy have been
unsuccessful as the noise associated with the use of the laser interferometry
system has limited the accuracy of dynamic positional measurements to 25
pm.

To this degree of accuracy the encoder and interferometer

measurements agree so it is this level of 25 pm that will be quoted as the x , y
and z uncertainty in the probe position.

5.3.8

Probe AUT multiple reflections

The proximity of the AUT to the plane in which the probe is scanned
inevitably leads to multipath reflections between the probe and the AUT.
These can represent errors of the order of -35 dB of the peak in the pattern so

x?

efforts must be made to reduce this or this factor will be the principle term in
the error budget. The ability to move the scan plane under CNC control to a
different distance form the AUT means that multiple scans can be performed
on the AUT all at slightly varying distances.

At this variety of different

distances the phases of the multipath returns will add in phase or out of phase
so that it is possible to discover exactly how much of any pattern is in fact a
manifestation of multipath and how much is the actual data required,[5.9].

If the AUT scan plane distance is varied by À/4 between scans then the phase
of the multipath associated with multiple reflections between the AUT and the
probe should be visible in the differences between the scans and as such it can
be removed. Figure 5.8 below illustrates the variations in the computed far
field as a result of multiple interactions.

The plot displays the variation in the measured signal as a result of the
multiply reflections between the probe and the AUT. If there was no multipath the two lines on the plot would be very similar. However, the nature of
the scattering in and out of phase with the transmitted signal, as a function of
the angle, is highlighted by the plot.

The plot also displays the variation in the pattern as a result of multipath in
the room and variation in the spatial frequency of the two data sets provides
reason to doubt the practice of treating room multipath assessment and probe
AUT multipath assessment as separate orthogonal sources of uncertainty as

per[5.1], but as no formal alternative is available the practice will be
continued.

Figure 5.8
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The mean amplitude, found from the averages of the I and Q components, can
be found from a series of scans and this taken as the true value of the pattern.
In this fashion it has been established that the variation in any two series of
scans can be reduced to the order of the random variation in the pattern.
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5.3.9

RF system linearity and dynamic range

The dynamic range and the linearity of the system can be measured at the same time.

A set of precision rotary vane attenuators was used to make measurements of these
two quantities after they had been calibrated using a 8510c VNA [5.10]. measured at
the same time. The process consisted of mounting an AUT in the Scanner range, and
moving the test probe until the maximum signal was obtained. At this point the set of
calibrated RVAs (rotary vane attenuators) was introduced into the RF path before the
signal reached the AUT. Then the attenuation in the RF path was slowly increased
first in steps of 3 dB then 5 dB until the system response to this precisely known
attenuation was no longer linear.

Figure 5.9 below shows the results of this operation at 9 GHz, but the operation was
repeated at 4.5GHz, 13.5 GHz and 18.0 GHz. This was to ensure that frequency over
these ranges was not a factor in the response of the system and at each frequency the
procedure was repeated 5 times.

As can be seen from this plot which displays the system response, the true RVA
attenuation and the limits of uncertainty in the RVA response, the systems dynamic
range was linear over some 93 dB. This type of response was found at all frequencies
tested and the system showed little variation between measurements at the same
frequency.

Figure 5.9
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5.3.10 System phase drift.

The drift of the system over a 5 hour period was monitored on 10 occasions and a
representative plot of the variation of the phase with time is shown as figure 5.10
below. As can be seen over the 30 minute period when an individual data set would
be acquired the maximum variation in the phase was off the order of 0.4°, a value
unlikely to produce sizeable error.

This figure in fact represents the largest measured phase variation for 5 GHz that was
measured and at higher frequencies the variation with time was similar although at
very much higher frequencies above 35 GHz the variation was slightly larger.

Figure 5.10
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No plot of the amplitude variation is included as within the level of uncertainty
quoted for the instrument used, (HP 8510c VNA), there was no amplitude variation
over any off the measured 5 hour periods.

5.3.11 RF path phase and amplitude errors

The movement of the probe across the scan plane means that the RF path to the probe
is constantly in motion and it is to be expected that this motion will affect the
amplitude and the phase of the signal received at the mixers. As the nature of the
variations in the measured near field of the AUT is assessed directly from the output
of the mixers any variation in the signal received at them that is not a function if the
variation in the directive field associated with the AUT, will constitute an error in the
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recorded data. To this end a number of tests were run in the scanner to assess the
extent of the amplitude and phase variation in for a given level of input signal that
was produced by merely moving the probe around the scan plane.

All of the probes used in the scanner facility have orthomode transitions so the both
vertical and horizontal polarisations can be measured simultaneously. Thus there are
in fact two RF paths mounted in the flexible trunking that is used to control the
curvature of the RF cables. If the ends of these two cables are joined then any signal
sent up one of these paths will return down the other and since the mechanical stress
and motion is identical for both paths and change in phase or amplitude in one path
would be mirrored in the other.

If a constant amplitude coherent single is input into the joined cable loop when the
probe is not in motion there should be no variation in any signal received at the
output of the joined loop.

Thus if the probe is now set in motion any variation can

be seen to be the result of the mechanical stress and motion of the cables in the RF
path to the probe. In fact since there is a send and return path if the cables are of the
same specification half of any variation can be assumed to be as a result of the signal
travelling along only one path.

Therefore for any recorded variation in this

configuration half of this variation can be assumed to be present in the recorded data.

In fact when these tests were performed although amplitude variations were not
found phase variations of as large a value as 3° were encountered. As a result of this
finding the route of the constant curvature cables and their location relative to the test
probe was considerably altered.

The trunking was constrained to run in rails to
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maintain constant curvature and as a result of this at 10 GHz the phase variation
across the entire scan plane was reduced to the order of 1° for one way transmission.
Figure 5.11 below illustrates the measured two way variation at 10GHz.

Figure 5.11
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5.3.12

Room multipath

The ability of both the position of the AUT and the plane in which the probe moves
to be moved in the z direction means that both these parameters can be altered
simultaneously, for any given scan. Thus if a scan is repeated with both the AUT and
the probe position altered by A/2 in the z direction the relationship of the probe to the
AUT during the scan remains unaltered but in effect the room has moved. Thus this
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joint movement of the AUT and the probe scan plane can be used to assess the effects
of room multipath on the measurements. This survey procedure has been performed
on a number of occasions and although mainly directive antennas are measured in the
scanner certain multipath effects have been located and the inclusion of RAM (radar
absorbent material) at certain points within the facility has been necessary. These
multipath surveys and the modification of the internal environment of the facility has
been effective in suppressing multipath effects to below -85 dB of the peak signal
and for many AUTs no discernible multipath effects can be detected.

5.1.13 Leakage and Cross talk

The leakage and cross talk from and between the various signal inputs was assessed
by making measurements of the system response in two differing conditions. These
two configurations amounted to making full-scale scanner measurements but in one
case in a situation where there should have been no Tx signal and in the other there
should have been no Rx signal. This was achieved by simply breaking the Tx RF
path and installing a number of high quality loads into the TX path so that in theory
there should have been no Tx signal at all and then installing the loads into the Rx
path so that no Rx signal should have been received. The details of the full test
procedure can be found in [5.11] and the results gave a clear indication of the extent
to which cross talk could produce errors in the measurements of amplitude and phase.
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5.1.14 Random errors

The most effective method of assessing random errors is to attempt to make
measurements of the same antenna sequentially under exactly the same conditions
and to then assess the random differences between measurements. This was done for
wide band parabolic antenna at (4.5, 9.0, 13.5, and 18) GHz, and as an example the
results of two scans are shown below at 4.5 GHz as figure 5.12

Figure 5.12
Direct comparison of identical test scans
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As can be seen there are differences between the results from subsequent
measurements when all the system parameters have been kept constant and these will
need to be calculated in the total error budget for the measurements.

With the

slightly higher differences found at higher frequencies taken into account. N.B. it is
this random variation that has no exact cause that can be tracked down that is
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responsible for the small variations in the patterns produced at different sampling
rates.

5.4 The overall effects of the error sources.

The Probe relative pattern and polarisation ratio

The contribution to the error at 4.5 GHz and 9 GHz is, to within a dB, = -68 dB of
the peak signal. The absolute gain of the probe is important if gain is to be measured
but does not contribute to the overall pattern error.

Probe alignment error

The worst pointing error was of the order of 0.02 of a degree and this would result in
a measurement error in the data of the order o f -140 dB. As such an error falls below
the sensitivity of the system to measure, the errors in the measured amplitude and
phase as a result of probe misalignment can be ignored.

Insertion loss and impedance mismatch.

Q?

The insertion loss and impedance mismatch are not parameters that are relevant to
pattern measurement only to absolute gain, and thus does not contribute to the overall
error budget.

AUT alignment error

This is of the order of 0.01° and as such its contribution to the error in the amplitude
measurement will be of the order o f -140 dB and can thus be ignored.

Aliasing

In the measurements it was not possible to discern any error associated with under
sampling the pattern and thus again this factor will be ignored in the error budget
unless some other external factor forces the AUT measurements to be made with
under-sampling.

Truncation

This factor will be discussed in the final chapter of this document.

Probe position errors.

The positional errors associated with the probe are so small that again amplitude
measurements would only be in error by a factor far smaller than the more important
errors in the budget therefore this is ignored.

Probe AUT multipath amplitude errors.

Using the method described in 5.2 errors of the order of -52 dB have been detected as
a result of multipath between the AUT and the probe but in both the cases used as
examples in the appendix this figure was below -72 dB.

RF system linearity and Dynamic range

The error associated with the dynamic range of the system was of the order o f -89 dB
as a result of the high and extremely linear dynamic range of the system.

System phase drift.

A variation of 0.9° as shown in the text as the worst case recorded would result in a
measurement error of -78 dB, of the measured signal.

RF path phase and amplitude errors

It was not possible to measure any amplitude error associated with the movement of
the RF path to the accuracy of the system, so this error must be less than the overall
random variation in the system. However a phase variation of 0.8° across the scan
plane could result in a error in the magnitude of -8 0 dB of the peak signal.

Room multipath

Within the facility an error of the order of in a worst case scenario, an error
of -72 dB of the peak signal has been detected and it is this value that will
therefore be quoted.

Leakage and cross talk

For the frequencies used in this research, the worst case of leakage would give an
error of -6 6 dB of the peak signal

Random errors

From the rout mean squared difference in the data from repeat scans an error level
associated with random repeatability of -72 dB of the peak signal was calculated.
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Thus the main contributors to the error budget are:

(1)

The Probe relative pattern and polarisation ratio

-68 dB

(2)

Probe AUT multipath amplitude errors.

-72 dB

(3)

RF system linearity and Dynamic range

-89 dB

(4)

System phase drift.

-78 dB

(5)

RF path phase and amplitude errors

-80 dB

(4)

Room multi-path

-72 dB

(5)

Leakage and cross talk

-66 dB

(6)

Random errors

-72 dB

This level of uncertainty equating to a + 3 dBto - <*) dB error at -55 dB below the
peak value in the pattern. Thus for any feature in the predicted pattern at a level of
-55 dB below the peak value the real level could be -52 dB or it could not be present
at all.
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6 The Measurement technique

6.1 The partial scan technique

The difficulties of truncation have, in the past, limited the size and types of antennas
that can successfully be characterised in planar scanners. However the requirement
that the field that is radiated by the AUT, i.e. that the near field pattern is continuous
over the extent of the spatial sampling interval, can be met by adopting another
strategy. This strategy, not being based on the construction of a scan plane, big
enough to capture all the required data in one acquisition.

It is, as already stated in chapter 4, the measured near field that is actually processed
to produce the far field prediction of the AUT that needs to be periodic and this data
set need not be the product of a single scan. If the data from more than one scan
could be sliced together to form a composite data set, this composite data set can be
sufficiently large to have captured all of the incident radiation required to
successfully predict the AUTs far field. This composite data set would then fulfil the
requirement of being continuous over the sampling interval, and thus could be used to
successfully predict far field patterns.

The partial scans that can be combined to produce the composite data set will require
that the position of the AUT, relative to the scan plane, be spatially transformed
between scans so that the combined data set represents a larger scan area than that
actually available via a single scan. Clearly as the actual scan plane of the scanner is
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at a fixed location it is the AUT that must undergo the spatial transformation. At
DERA Funtington this has been accomplished using three different AUT spatial
transforms.

(1) The AUT is translated in the x direction between partial scans.

(2) The AUT is translated in the x and y directions between partial scans

(3) The AUT is rotated about the z axis between partial scans.

However the positional accuracy of the sampling points required to make successful
measurements is demanding, e.g. as stated in chapter 5 the planarity of the scan plan
in the NFS is better than 25 pm and the x and y positional accuracy better than 50
pm.

This means that the movement of the AUT relative to the scan plane and

subsequently its repositioning with the required degree of accuracy for a second or
subsequent scan, is not a trivial task. The spatial transforms are accomplished within
the facility using different parts of the system dependant on which type or
combination of types of transform are required.

6.1.1

X direction translations

Within the NFS facility it has been possible to utilise a set of parallel rails, that were
originally installed to enable extrapolated gain measurements within the same
proposed anechoic environment, to mount the entire antenna positioner. It is mounted
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in such a fashion that entire AUT assemblies can be physically translated, on this
auxiliary translator. At one metre intervals along these rails shot bolt positioners are
placed, accurately to 50jLim, so that the AUT can be repositioned at one, or multiples
of one, metre intervals along the rails in the x direction.

Figure 6.1
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Figure 6.1 above, like figure 4 appendix A, illustrates the translation of an AUT
between three x co-ordinate positions, in two metre stages, across the 3 x 3 metre
scan plane thus producing a much larger effective scan plane, in this case 7 x 3
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metres.

In the case of the AUT illustrated in figure 6.1, this would produce a

composite data that could be used to predict the far field pattern of an AUT that
would be too large to be characterised in a 3 x 3 metre scanner in which a partial scan
technique was not used.

6.1.2

Combined translations in the x and y directions

The AUT can also be translated in the y direction across the face of the scanner
between partial; scans but at this time this translation is limited to 1 metre. In figure
1 in appendix A, a small AUT is seen mounted on an orbit model tower which has
been adapted in the facility to allow y translations over this one metre range. Only
two positions on the tower have their positions accurately measured using the touch
probe mounted in the scanner probe carriage and these two positions are 1 metre
apart in the y direction so only zero and 1 metre displacements of the AUT are
allowed in this dimension. Effectively the AUT can only be moved between two
endstop positions with sufficient accuracy for the measurement process to be
successful. This means that effective scans of up to 9 x 4 metres can be constructed
from partial scans within the facility using x and y translations between scans. Figure
6.2 below illustrates the relative positions of the scan plane in the frame of reference
of the AUT, with the x direction measured across the page and the y up the page.
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Figure 6.2

î
6

r1
h

i

û

L_

>

X

Direction

►

Arrangem ent o f partial scan planes and additional

The figure above shows the 4 partial scans in the four different colours of black, blue,
red, and green. Additionally illustrated in yellow is a possible small scan, which can
be made of the AUT to provide reference values against which the amplitude and
phase of the partial scans can be corrected.

6.1.4

Rotations of the AUT about the z axis

Additionally the mounting of an AUT in the comer of the scan plane and its
transformation by rotation about the z axis between scans as shown below in figure
6.3 has successfully yielded results which can be used to construct combined scans.
In theory 6 x 6 metre scans could be produced in this fashion.

The polariser

positioner on which AUTs are mounted has an angular accuracy of 0.03 degrees and
this may have an impact on the accuracy of the measurement if very large scans are
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proposed. However at this time the limitations of the RAM within the facility have
meant that scans off only 4 x 4 metres have as yet been possible [6.2].

Figure 6.3
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6.2

Factors for which compensation and correction will be required.

If the AUT can be manipulated and repositioned with sufficient accuracy then the
construction of the combined scans should not involve any loss of accuracy, and if
the AUT is correctly repositioned the spatial transformation should not affect the
variation in phase and amplitude of the signal from the scanner. Unfortunately other
factors do affect the phase and amplitude across the scan plane as a result of spatial
transformation of the AUT and these factors cannot be ignored if accurate
measurements are to be made.
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6.2.1

The variation in the interferometer

The fundamental mechanism behind the RF system used in the NFS to measure
antenna patterns is the use of the receiver as an interferometer. The measured signal
is the IF mixed down from two mixers which are supplied with RF and LO from the
same sources, but only one of the RF/LO paths includes the AUT and test probe.
Figure 6.4 illustrates the signal from the RF source the 83642A passing via the
reference mixer and alternatively to the test mixers via the AUT and probe.

Figure 6.4
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So the variation in the signal that is detected at each sample point by the probe is
representative of the spatial variation in the field that is produced by the AUT. Thus
any factor which could influence this variation in signal amplitude and phase, that is
I

ms

not a function of the probes position, could be mistaken for a variation in the field
produced by the AUT that is not in fact present.

The movements of the AUT associated with the spatial transforms involves the
disturbance of the reference part of the RF path and this must therefore create some
variation in the measured amplitude and phase as a result of disturbing the cables in
which these signals are carried.

However the areas over which the probe is scanned, in each of the individual partial
scans which constitute the combined scan, can be allowed to overlap to a
predetermined extent. This means that certain areas of the near field composite scan
will be measured more than once, and the individual measurements of the overlap
areas will have been made before and after the AUT is spatially transformed. Thus
direct comparisons of values in the overlap areas can be used to evaluate and correct
for any variations in the measured signal that are a function of moving the AUT as
opposed to moving the probe.

Additionally small extra scans can be made that while themselves of insufficient size
to be used for transforms can include points that will also be measured in all the
partial scans, so they can be used to correct the data in these scans. One off these
possible reference scans is shown on figure 6.2

This means that by quantitative comparison of the points in the partial data sets which
correspond spatially to the same point it should be possible to ascertain the variations
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in the phase and amplitude produced by the movement of the AUT. This makes a
correction to take this variation into account a simple process to perform.

In the NFS facility, it has been found by a process of experimentation, that an overlap
of two columns, or rows, is all that is necessary to acquire the information required to
perform the correction of the data. All points in the overlapping regions of both
scans at which the measured field is greater than -3 0 dB off the maximum value in
the scans are used in the correction, and both amplitude and phase can thus
effectively be corrected. Both the amplitude and phase corrections are taken to be the
mean of the differences between the measured values of I and Q in the data sets at the
same actual spatial points, although they are at different points relative to the
different partial scans. These calculated correction values are added to the scans to
correct the data before it is transformed to produce the far field pattern of the AUT.

The use of a mean weighted in terms of the signal levels was considered but the
agreement of the corrected terms without recourse to such levels of sophistication
was such as to render this unnecessary. The change in the phase and amplitude
associated with the action of correction does not mean that all the values in the
overlap columns/rows are absolutely identical after the correction. However, there is
a large degree of correlation, e.g. in a 3 GHz scan of 53 data points down to —30 dB
of the maximum the value of the mean difference between the original and corrected
data, with its overall phase corrected by 2.4°, was 0.007 dB of amplitude and 0.02
degrees of phase. These values are so small as to make negligible difference to the
computed far field pattern, and indeed if all the overlap points down to -45 dB of the
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maximum recorded signal are included these figure only change, to 0.008 dB of
amplitude and 0.07 degrees of phase.

The results of scans at higher frequencies indicate that the amplitude mean difference
only increases as square route of the frequency and the phase mean difference is
approximately linear with frequency.

This means that at 40 GHz a mean phase

difference of 0.3° would be expected, a figure extremely unlikely to produce any
discernible difference in the computed far field pattern.

To demonstrate the effectiveness of the technique figure 6.5 below illustrates the
comparison of part of a primary cut through two data sets, one acquired as a single
data set and the other as a result of a composite scan.

Figure 6.5
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The data was acquired for an X band slotted waveguide array antenna that was
measured accurately out to 60° off boresight. The AUT was measured in a single
scan and then in two partial scans which, combined produced a composite scan of the
same dimensions as the original scan.

The original single scan data is shown as a solid line and the composite scan data is
shown via the crosses. As can be seen by inspection the differences in the two far
field patterns are small but detailed discussion of the accuracy and repeatability of the
technique will be delayed till the chapter dealing with the interpretation of the results.
Further discussion of the results of these and other measurements will be delayed
until chapter 8 in which the results of a number of measurements will be assessed.

However it should be noted that the movement of the antenna whether it be
translational or rotational would be expected to degrade the accuracy of the
measurements as it must introduce other sources of error associated with the
repositioning not so far addressed in the error budget. However since these other
factors are not compensated for in the measurement procedure discussion of them
will again be delayed until chapter 8.
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7 The assessment of the results.

7.1

Assessment by inspection

A number of measurements were made to demonstrate the accuracy and repeatability
o f the measurement technique. Graphical output o f these plots o f the antenna pattern
will be used to highlight the advantages and limitations o f the technique.

7.1.1

9 GHz measurements

The first set of measurements illustrated were performed on a centrally fed resonant
slotted wave guide array antenna 2.10m by 0.3 m. The AUT was vertically polarised
and excited at 9 GHz, and the results are illustrated as figures 7.1,7.2 and 7.3 below.
Figure 7.1 file "kesln.mat" shows the measured near field amplitude and phase over a
2.81m

x 2.21m scan plane.

This is followed by Figure 7.2 "keslf.m af which

illustrates the predicted far field amplitude, normalised to zero dB, o f the antenna in k
space, and Figure 7.3 which shows the same results as a three dimensional plot but
only out to kx and ky = 0.5. These plots illustrate the basic measurement technique
used in the scanner as they show an effectively sampled near field and the resulting
far field prediction o f the AUTs pattern.
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Figure 7.3

As an example o f the accuracy and repeatability with which it is possible to make
combined scan measurements plots Figures 7.4 to 7.8 illustrate the x translation
transforms effects on the predicted pattern. These plots show the measured near field
amplitude and phase o f two partial scans Figure 7.4 and 7.5 files "kes4n.mat" and
"kesSn.mat".

As can be seen these two partial scans are separated by a x translation

and Figure 7.6 is the combined scan, File "kesco2n.mat".

Figure 7.6 shows that the

two 1.66 m x 1.77 m partial scans have been combined to produce a 3.31m x 1.77m
scan.

The predicted far field pattern is shown as Figure 7.7 and as a three

dimensional plot as Figure 7.8

Although the plots o f the far field patterns provide considerable insight into the
nature of the far field produced by the AUT they are difficult to compare so Figures
7.9 and 7.10 are Azimuth and elevation cuts through the two far field pattern
predictions.

These two plots illustrate the close agreement between the results

obtained for the single and partial scan techniques. As the AUT is smaller in the y
direction the pattern can be predicted out to a larger angle o ff boresight and
additionally since the partial scan technique, in this case does not increase the
truncation angle in elevation very little difference would be expected in the elevation
cuts. As can be seen in Figure7.9 there are only very small differences between the
far field patterns confirmation that the partial scan technique does not introduce
errors into the predicted far fields as a result of the measurement methodology.

In Figure 7.10 again the agreement between the partial and single scan predictions is
close. However due to the far larger dimension o f the AUT in the x direction and the
increase in the scan plane size for the partial scan, at large angles off boresight there
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does appear to be differences in the predicted patterns for each data set.

This is as

would be expected, as the predicted far field from the original single scan data set
would be far more likely to suffer from errors introduced by truncation than would
the larger combined data set.

However the considerable degree o f agreement

between the elevation patterns for which there should be no difference in the
truncation effect suggests that the partial scan technique, if properly used, itself does
not introduce significant errors into the measurement process.
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Figure 7.5
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Figure 7.6
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Figure 7.9
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O)

7.1.2

The 4.5 GHz measurements.

Figures 7.11 and 7.12, files "exouôn.mat" and "exoulôf.mat", illustrate the measured
near field amplitude and phase and predicted far field amplitude o f a 4.5 GHz
horizontally polarised circular parabolic reflector antenna o f diameter 2.0m.

The

plots show the predicted pattern for the AUT from 3m x 3m scan, the biggest single
scan it is possible to make using the entire scan plane o f the scanner. With signal
levels o f -25 dB in evidence at the edges o f the scan plane truncation effects might be
expected to introduce errors into the side lobes o f the predicted far field pattern and to
broaden the main beam.

To investigate this possibility the AUT was measured a second time but this time the
partial scan technique was used. This involved the measurement o f the AUTs near
field in four stages with translations in the x and y directions between partial scans.
Figures 7.13 to 7.16 files "exouln.mat" to "exou4n.mat" show the measured near
field amplitude and phase o f the AUT as recorded for the four partial 2m x 2m scans.
A small reference scan was taken off the central region o f the AUT to correct the
phase of the partial scans when it was disrupted by the translations and the four data
sets were combined as Figure 7.17 "exoul7n.mat" as a 4m x 4m combined scan.
From this combined scan Figure 7.18 was produced, file "exol7f.mat", which shows
the predicted far field pattern from the combined data set.

Although by inspection Figure 7.12 and 7.18 are very similar it is very difficult by
inspection to judge the extent of any differences between the two patterns. To help in
highlighting these differences cuts through the data sets in k space are provided in
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Figures 7.19 and 7.20.

These two plots show data from flies "exolôf.mat" and

"exol7f.mat" along with data from two other files "exolSf.mat" and "exol9f.mat".
These four predicted patterns were acquired in the following manner.

(1)"exol6f.m af' as already stated is the pattern predicted from a 3m x 3m single
scan.

(2)"exol7f.mat" again as already stated is the pattern predicted by a 4m x 4m
combined scan produced by x and y translations o f the AUT.

(3)"exol8f.mat" is the far field pattern predicted by a 4m x 4m combined scan
produced by rotating the AUT about its z axis to produce a combined data
set.

(4)"exol9f.mat" is an exact repeat o f "exolôf.mat" and with a perfect
measurement system the two should be identical.

By concentrating on the lower side lobe levels in Figure 7.20 the similarities and
differences between the patterns predicted by the different data sets can clearly be
seen. It is clear that "exoul7f.mat" and "exolSf.mat" are more closely related than
either of these two files are to "exolôf.mat" or "exol9f.mat", but there are differences
between all the files. However the greater similarities between the 4m x 4m scans
suggests that truncation error may well have been a factor in the predicted patterns
for the 3m x 3m scans.
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Although inspection o f cuts through the predicted data sets is instructive with regard
to highlighting the differences between data sets the difficulties associated with
assessing the differences between two complete far field patterns e.g. C/A2 and C/A7
are considerable. This suggests that some form o f objective numerical comparison
scheme would enable far more accurate assessments o f the measurement results
would be a valuable tool in antenna characterisation.
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Figure 7.13
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Figure 7.14
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Figure 7.15
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Figure 7.16
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Figure 7.17
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Figure 7.20
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7.2

Assessment by statistical classification.

7.2.1

Condensing the measurement data

The inspection of these patterns produced by the measured data sets shows that in
cases where there is little difference between the predicted patterns judgements in
respect o f the similarities between patterns that are made on the basis o f simple
observation are difficult.

Therefore a more objective numerical method o f

comparison would appear to be needed.

The quantitative assessment of numerical data to try and assess the extent o f variation
between different data sets has been attempted in a number o f different fashions [7.1],
however these numerical comparisons have tended to try and correlate one
dimensional data sets rather than full hemispherical antenna patterns.

Part o f the

problem o f comparison is the sheer volume o f data in the data sets and if the far field
pattern is to be effectively numerically analysed and classified to reveal similarities
as a first step data reduction or condensation would seem to be necessary.

However if the pattern o f the AUT is not considered to be approximated by a plane
wave spectrum (PWS) of the convenient, but classically limited concept o f
electromagnetic waves, it may be possible to conceptualise the pattern in a fashion
that is more appropriate for this data reduction and image classification.
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As already stated if the antenna is considered to be placed at the centre o f a frame of
reference i.e. with co-ordinates x = 0, y = 0, z = 0, t = 0, the more empirically based
concept that the measured signal recorded at any given probe position is indicative of
the extent o f photonic interactions over the solid angles with respect to the origin of
the frame o f reference may help to provide a different conceptual basis for
quantitative assessment. Thus if the power flux density at any given angle emanating
from the AUT is considered to be merely a count o f microwave photon interactions
detected in that particular direction, then the AUT pattern is in fact a frequency
distribution. If again this is normalised to unity it will define a probability density
function for photonic interactions at these given angles in space relative to the origin
o f the frame o f reference [7.2].

Thus if the antenna pattern can itself be considered to be a probability distribution
there are overall features o f any such distribution that could be used to numerically
define the extent of correlation between entire data sets, without recourse to the
examination o f individual pattern features e,g. side lobe levels, or null positions.

A probability density function can have a number o f moments calculated which will
be related to the overall shape o f the distribution in terms o f its mean values the
spread o f the function about this value, the skewness o f the function and the curvature
or Kurtosis o f the function. The calculation o f all o f these statistical features o f the
pattern involves all of the data points in the pattern and as such each o f these
individual features can be considered to be representative o f the entire pattern. Thus
if the 0th to the 4th two-dimensional moments o f the pattern are calculated these ' 15
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values should be representative o f all the features o f the pattern and be virtually
unique to any pattern.

These first 5 moments o f the pattern as defined in [7.3] for the data sets illustrated are
as listed below.
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This set of 15 separate calculations can therefore be used to condense and reduce the
dimensionality of the data in the far field predicted files from arrays containing
16,384 numerical entries to column vectors with 15 elements. Although the column
vectors are far more difficult to interpret from the point of view of visual observation,
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since the are virtually unique to any given pattern they contain sufficient condensed
information to define and compare data sets numerically.

7.2.2

Basis for comparing the data sets:

Again using the data sets described in section 7.1, now that these sets are virtually
uniquely described by a 15 dimensional column vector some method of condensed
data set comparison must be attempted.

Any vector in a space can have another vectors defined for which the inner product of
the two is zero, i.e. the two vectors are orthogonal. Therefore the product of a vector
with another vector b is zero if a and b are orthogonal to each other. This can be
illustrated in the three-dimensional case for a and b.

If two vectors in three dimensional space, are orthogonal to each other,

+ a2b2 + a3b3 = 0

Where the subscripts refer to the three spatial dimensions. If we are required to find
b such that it is orthogonal this is simply accomplished since 62 and 63 can be chosen .
arbitrarily, and then bi will be given by.
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Therefore if a is known it is a simple task to calculate another vector, b that is
orthogonal to it.

As already stated the product o f any vector with another that is orthogonal to it is
zero so this operation o f taking the inner product can be used to compare vectors. For
the vectors above and another vector c, if b- c = 0 then a = c . However if b e ^ 0
then a * c . Additionally the extent to which the inner product of b and c varies from
zero can form the basis of a metric that can be used to compare the differences
between vectors, and a vector correlation error can be assigned to the patterns, as
shown in [7.4].

The method is similar to a simple correlation based on normalising two vectors to
unity and taking their product, where a product o f unity means that the two vectors
are identical. Both methods can be expanded, as will be explained in chapter 8, to
take account of the angles that the feature vectors present to each other and basically
each method defines the extent o f similarity between the data sets. In one case,
identical data sets being defined by unity and in the other by zero. However the
establishment o f an orthogonal test vector to define any differences as being a
product greater than zero has the advantage, as will be demonstrated in chapter 8, that
the numerical range o f values for the vector components can be calibrated in terms of
a standard antenna. Thus the correlation can be defined relative to a standard antenna
and the vector components need not necessarily be normalised.
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7.2.3

Comparison of data sets.

The data sets listed as exoul6f.mat to exoul9f.mat were analysed using the above
method o f defining a 15 dimensional vector space by treating the spatial moments of
the data sets as components in a vector in a feature space that can be used to virtually
uniquely define the entire pattern with only 15 numbers. The components o f these
spatial feature vectors for each data set are fisted below.

File

exolôf.mat

exol7f.mat

exolSf.mat

exol9f.mat

A

106.8007

115.2407

118.5682

108.463

mx

0.021371

0.024283

0.0237708

0.021128

my

-0.011054

-0.010482

-0.010247

-0.010898

mx2

13.72168

16.49381

17.16265

14.05506

mxy

0.235246

0.389084

0.390951

0.239678

my2

12.84639

15.34928

16.1827

13.26454

mx3

-0.0357,37

-0.0253416

-0.0267945

-0.043058

mx2y

-0.124679

-0.108263

-0.107311

-0.12436

mxy2

-0.318516

-0.127623

-0.13655

-0.323118

my3

0.142608

0.139035

0.148936

0.148098

mx4 ,

7.09499

9.107401

9,527408

7.303105

mx3y

0.132014

0.223103

0.223621

0.13435

mx2y2

1.881579

2.421972

2.561569

1,951095

mxy3

0.097258

0.133786

0.134758

0.098604

my4

5.430519

6.862132

7.279913

5.641276
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Using, the spatial moments as feature vector components the data sets were then
compared. Initially a vector orthogonal to "exoulôf.mat" was calculated and then the
other files had their vector correlation magnitudes relative to exolôf.mat calculated.

Each feature vector had an orthogonal vector calculated using unity as the magnitude
of all other components except that which would form the product with A.

Then the

vectors for data sets 17 18 and 19 were compared to data set 16 and values for their
correlation with data set 16 computed. These values being:

Comparison with data set 16

data 17

data 18

data 19

Correlation error

6.28142

7.470513

0.601933

The sizes of these errors confirm that data sets 16 and 19 agree far more closely than
17 and 18 where the scan plane was larger. The same procedure was followed for a
comparison of data sets 16, 18 and 19 with data set 17, again the results being listed
below.

Comparison with data set 17

data 16

data 18

data 19

Correlation error

-5.821384

1.007717

-5.310057

This again confirms that closer relationship between data sets 17 and 18 where the
correlation errors are smaller than between 16 and 19.
However at this stage these correlation errors can only be considered to be indicative
o f the extent o f the correlation between data sets since, although they are objectively
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calculated they are based on non-linearly related features which will also have
covariances, therefore the correlation error cannot be used as a metric o f similarity.

Discussion of how this numerical technique might be used to classify and quantity
the variations associated with such antenna measurements it postponed till chapter 8
where the merits of the technique are discussed, as a whole.
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8 Discussion and conclusions

8.1

The accuracy of the measurements.

Figure 7.20 shows the repeatability that can be expected from the measurements and
the error budget detailed in chapter 5 defines limits around which the accuracy o f the
measurements could be expected to fall. However it should be remembered that any
error budget calculations that are produced that are not specific to the AUT could
only be considered to be indicative of the uncertainties expected. They may in fact
be highly representative o f the uncertainties and the error budget that has been
produced for the system is o f sufficient detail that considerable confidence can be
placed on the uncertainty levels quoted in the text. The results illustrated in the text
show the variations between scans that should in theory be identical i.e. (data sets 1619), are very small. The variations between 17 and 18 are also small although they
may be slightly larger.

8.2

Additional errors introduced by the measurement procedure

The technique o f partial scanning depends on the accuracy o f the secondary spatial
transform of the AUT.

The levels o f accuracy associated with the scanner

mechanism are such that the uncertainties introduced into the raw data via the
procedure should not be restrictively large.

The rails along which the AUTs are

translated are parallel to within 12 seconds o f arc to the base o f the scanner, and
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rotations of the AUT about the z-axis can be accurate to 0.03°. Although both of
these processes will introduce errors neither o f these should be excessively large.

Additionally the extended period o f time, over which multiple scans will last, must,
cause an increase in the potential for drift within the system, producing additional
sources o f error. This error in phase produced by drift will also be compounded by
the error introduced by the movement of the unstabilised arm o f the interferometer.
As stated in the text the entire system acts as a measurement interferometer recording
the amplitude and phase o f the variation between test and reference signals. The
transform depends for its accuracy on the accuracy o f this measured amplitude and
phase and if phase errors are introduced as a result o f the translation process this will
also introduce uncertainties into the measured signal levels.

The extent of the alteration in the phase as a result of the movement o f the
unstabilised arm of the interferometer is monitored by the production o f redundant
data points that are included in more than one scan so the variation in phase can
accurately be assessed. Since these replicated data points are acquired at different
times they will also take account o f phase drift over time. Once this variation is
calculated corrections can be made that remove a large part o f the error introduced by
this process. However the correction does not completely remove the results o f the
translation, if this was so the correction would result in the measured amplitude and
phase values in the two overlapping areas being identical.

However the extent o f the agreement between corrected and recorded data is
considerable. For typical 3 GHz partial scans o f a parabolic reflector with columns of
'

-
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53 data points, using only those points down to -30 dB of the maximum signal
considerable correlation was detected, [8.1].

The mean difference between the

original and the corrected data was 0.007 dB of amplitude and 0.02° o f phase. If the
process was extended to all values down to -45 dB of the maximum in the original
signal these figures only increased to 0.008 dB and 0.07° o f phase. These results
appear to confirm that although corrected data is not identical to the original
redundant data the variations are small and again will only produce a very small
degree o f uncertainty in the final predicted pattern.

The extent to which additional multi-path may be introduced into the measurements
is difficult to assess but the small uncertainties introduced in the final pattern within
the facility are unlikely to be prohibitive. The other uncertainties in the measurement
process for the partial scan technique are unlikely to vary to any extent from those
found for single scans and as such they are again unlikely to introduce further or
additional errors into the measurements as a result of the partial scan technique.

8.3

Classification Technique as a metric for comparisons

The results illustrated in the text appear to confirm the accuracy of the partial scan
technique by inspection but its accuracy can also be assessed statistically. In chapter

7 a number of statistical moments for four antenna patterns were calculated and from
those a 15 component feature vector was calculated for each pattern. These vectors
were then compared by producing a numerical value that represents the extent of the
similarity between the patterns, defined via the product of their feature vectors with
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an orthogonal test vector.

This test vector being orthogonal to one o f the

measurement vectors and the product was indicative of the similarities between the
antenna patterns, i.e., if this product had been zero they would have been identical as
defined up to their forth moment.

However as the moments of any distribution function are not linear the results could
only be used to classify and order the patterns. The construction o f a metric, which
can be used to produce interval data, which will define objectively these similarities,
depends on the extent to which each component of the vector should be weighted to
define a scaled feature vector.

This can be achieved in a similar fashion to that which is used to produce quantified
gain measurements. This involves the ratio of the gain function of an antenna to that
of an isotropic radiator,[8.2].

In a similar fashion the moments o f any pattern

distribution can be scaled, relative to the moments o f an isotropic radiator which
accepts the same power as the AUT to produce a test vector. Using this technique of
invoking a theoretical isotropic radiator, as the moments standard, and using the
moments o f this standard to scale the individual moments to produce a normalised 15
component vector an objective numerical scale for antenna pattern similarities can be
developed.

This scale in turn can then be used as a metric to assess antenna

measurement performance.

However additional information is inherent in the vector product correlation process
in that the numerical value that represents the level of similarity will vary as a
function of the magnitude of any feature vectors and as a function of their orientation
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in the 15 dimensional space relative to each other. This means that the index of
similarity calculated form the product of the scaled vectors could be enhanced by
information relating to the angle that the feature vectors present to each other in the
feature space.

Since for totally uncorrelated pattern vectors a and b,
a •b = 0
if. |a|and | b

0

Then,
cos 0 = 90°
Therefore since,
a • b / 1a | | b | = cos 0

0 can be calculated and the similarities between patterns defined in terms o f
numerical product of their scaled feature vectors with the test orthogonal vector and
the value of the angle between the feature vectors and the test vector. This amplitude
or modulus and angle or phase of correlation can then be plotted on a 2-dimesional
graph to provide clear and easily accessible information as to the similarity of
antenna patterns as objective, numerical interval data.

8.4

The scaled vector as a measure of similarity

To illustrate the effectiveness of this approach the four antenna patterns examined in
chapter 7 can again be analysed but this time not only to produce categorical or
ordinal data but to define their characteristics as interval data.
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Thus if the feature vectors o f the 4 patterns are scaled using a vector constructed from
an isotropic antenna pattern itself scaled in terms of the gain of the original patterns,
the data is then in a form that it can be compared. The inner product o f the four
pattern vectors are then calculated with respect to a test vector that is orthogonal to
the isotropic scaling vector, along with the angles that the vectors present to each
other.

The results of these calculations for the 4 data sets are displayed below, in figures

8. 1- 8.3, where the two axis on the plots are the modulus of the scalar product and the
angle that the vectors present to each other. Since these parameters are derived from
a probability density function/antenna pattern and probability has no irnits, no units
are included on the graphs.

Additionally it should be noted that the distances between points in the figures are
scaled individually along each axis and there is as yet no development o f a scaling
relationship between the two axes. This means that the although the positions along
each axis are scaled relative to each other, the Cartesian distance between points
cannot be considered to be a measure of similarity between points.

A polar representation of the data is also possible but to highlight the differences
between these very similar patterns in this case a Cartesian representation has been
used.
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Figure 8.1
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Figure 8.3

Angle vs Modulas data sets 16,17,18 and 19
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Figure 8.1 shows that the scans 16 and 19 are very closely related, this is as would be
expected as they represent identical scans both in terms o f the mechanical and RF
parameters associated with the measurements.

If the measurement system were

subject to no random or systematic variation over time, there would in fact be no
difference at all between data sets 16 and 19.

Figure 8.2 shows data sets 17 and 18 plots together and as can be seen there are larger
differences between 17 and 18 than there are between 16 and 19 showing that the two
methods o f constructing 4 x 4

metre scans have introduced errors into the

measurements. However, the extent o f the differences between these measurements
remains small, and figure 8.3 displays the far greater variation between the 3 x 3

metre scans and the 4 x 4 metre scans. This again confirms that the data sets from the
3 x 3 metre scans were sufficiently truncated as to make a noticeable difference to the
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predicted far field pattern. This strongly suggests that although the accuracy o f the
measurements is compromised, to some small extent by the partial scan technique as
shown in figure 8.2, the increase in the accuracy of the predicted far field from less
truncated data Sets far outweighs this.

The plot 8.3 illustrates the differences between the data sets on one plot. It shows that
although the partial scan technique may introduce more uncertainty into the
measurements the overall effect is to produce a more accurate but less repeatable
characterisation o f the AUT. The scaling of the data sets in respect o f an isotropic
radiator means that the numerical differences between the plots and the angular
differences can be used as an objective interval metric o f the similarities between data
sets.

However as already stated there is no defined scaling value between the

numerical value and the angular value so differences in the numerical difference and
in the angular difference cannot be directly compared.

Thus the construction of the feature vectors, their scaling, and the subsequent
calculation o f the numerical and angular differences, relative to a test vector
represents a considerable distillation of the data sets. They have moved from being
16,384 complex numbers in an array, to a single point on a plane with each point
virtually unique to a given pattern. Thus the large data sets have been dimensionally
reduced and the image classification problem has been reduced in complexity to a
single point per pattern. Additionally the differences between points relative to each
axis can be objectively calibrated to define interval values defining the levels of
similarity between predicted far field patterns. ,
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8.5

Applications of the classification technique.

The ability of the technique to reduce the large data sets to single ordered pairs that
are virtually unique to any pattern and the scaling of the original data to provide an
interval scale o f the similarity of these points, opens the prospect o f the use of
additional processing and recognition algorithms.

The removal o f the subjective assessment of the similarity o f patterns by inspection
raises the possibility o f computer controlled systems measuring and assessing the
integrity of their own data with no human input.

The repeatability o f any

measurement can be assessed by the spread o f points on the plane, and a detailed
knowledge of the overall error budget associated with the measurement system
should make it possible to assign an area on the plane in Which measurements would
be expected to fall. The extent of this spread, being indicative of the precision o f the
measurement system. This means that data from other measurement systems can be
objectively compared to assess the agreement between different systems as to the
exact nature of an antenna’s pattern.

This new method of assessing the accuracy o f antenna measurements also opens the
possibility of using the feature vector method on data, which is subject to iterative
processing. The far field prediction o f antenna patterns from phaseless measurements
in the near field, so called phase retrieval,[8.3], depends on an iterative process that
can be assigned a completion parameter that depends on the position of the predicted
pattern summary point. This means that the calculation of the predicted far field can
be defined to a degree of accuracy that is representative o f the system’s ability to

155

make the measurement. The removal of unnecessary processing by the definition of
an end point to the iterative process that is comparable with the spread of summary
points on the test plane will therefore streamline the processing and produce results
that are representative of any systems actual ability to make measurements.

The technique has also been used as a monitoring tool in antenna realignment
procedures used in near field ranges, to assess the extent o f truncation errors
associated with the antenna misalignments that the procedures are trying to be
overcome, [8.4].

Future work will involve the application of cluster analysis techniques to classify the
correlation levels of numerous patterns, with each pattern specified by the maximum
error allowed for that pattern. Therefore, feature points resulting within the same
cluster will characterise similar patterns. The extent to which antenna types can be
uniquely defined in terms of their feature points is as yet uncertain.

However it is also possible, if the classification technique is suitably robust, that if it
is used on the same AUT measured in different measurement facilities it will be
possible to characterise the peculiarities of each measurement facility. This would be
done in terms o f the displacement ,between clusters of measurements o f the same
AUTs on the feature plane, provided by different measurement facilities.
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8.6

Conclusion

At this time the measurement technique represents a viable method o f extending the
use of a planar near field scanner so that the truncation problems o f the restricted scan
plane are to a limited extent overcome.

It does mean that one of the principal

advantages o f planar near field scanning, i.e. the AUT does not have to move, has to
be compromised. However this motion is restricted to periods when the AUT is not
being characterised and as such during the actual measurement process the AUT is
stationary. This means that the process of correcting the data by the inclusion of
redundant measurements can be accomplished with a high degree o f accuracy.

The calculated error budget is such that the increase in uncertainty associated with the
measurement process, although discernible, is not restrictive in the deployment o f the
technique. The advantages on the partial scan technique in increasing the size o f the
scan plane outweighing the disadvantage of the increased levels of uncertainly
associated with the measurement process.

This increase in the ability of the scanner facility to characterise AUTs is confirmed
by the use o f the statistical image classification technique. The reduction in the
dimensionality of the data from a large array o f complex numbers to a single point on
a feature plane clearly aids in the classification process. As it is then possible to
summarise a pattern and the expected variation in a pattern as a result o f errors in the
measurement to a cluster of points on a feature plane.

This allows the direct

comparison o f patterns and will allow the introduction of simple discriminator
fimctions to classify patterns as the next stage of the image analysis process.
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However, the reduction in the dimensionality o f the data into such a simple form does
mean that the data now has no obvious perceptual relationship to the characteristics
of the antenna. The clear relationship between the plotted pattern and the power flux
emanating from the AUT is lost in the abstraction of the data inherent in the
classification process. This means that although it may be far easier to decide upon
the extent of the similarities in the patterns there is no obvious information within the
classification process that provides a description of the shape o f pattern that would be
expected.

This lack of a clear perceptual picture of the AUTs characteristics makes it all the
more important to have an accurate robust classification procedure as there is no facet
of the condensed data that reveals mistakes in the measurements. With a certain
degree o f experience and understanding a competent antenna engineer can look at an
antenna pattern and see if there are any serious inconsistencies in the measurements,
however the data presented as a point on a feature plane contains no information as to
the reliability o f the measurements.

Since the condensed data contains no clear indication of the reliability o f the
measurement it is all the more important that the image classification technique is
accurate and really does represent a metric by which the antenna patterns can be
objectively compared. The concept of scaling the patterns by the equivalent isotropic
radiator should provide feature vectors that can be accurately tested via the
orthogonal vector but other possibilities of defining correlation between the data sets
will be examined in later work. Along with this effort to find other methods of
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scaling the feature vectors, other global features of the patterns may also be
investigated. There may be as yet unused global features o f the probability density
distribution that would lend them to providing unique quantifiable features that can
be used in the comparison and recognition of antenna patterns.

The immediate priority for future work would appear to lie in two areas.

(1) As yet only translations of the AUT that have been utilised have been in the x y
plane. Rotations o f the antenna about other axes are to be attempted and the
construction of composite data sets from partial scans that do not all lie in the x y
plane is envisaged. This would involve the construction of combined data sets
that represented polyhedral surfaces on which the fields had been measured as
opposed to planes. The transformation o f such data sets to the far field would
involve considerable processing and may involve the intermediate step of
transformation to another near field surface o f simpler geometry, e.g. a sphere,
before the far field is predicted.

(2)The image classification procedure for use on antenna patterns is best assessed by
its use on a large number of different patterns and its ability to produce accurate
results in respect o f antenna characterisation. To this end as already stated the use
of cluster analysis techniques in the assessment of error budgets and as
discriminators between AUTs and measurement systems is the first priority.
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