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Abstract

With finite supply and increasing demand, the RF frequency spectrum is highly satu-
rated with signals. There is an urgent need to design and implement antennas that oper-
ate at higher frequencies for applications such as 5G and 6G. The push to the frontier of
higher frequencies demands the ability to efficiently and accurately characterize mmWave
antennas. Compact antenna test ranges (CATRs) offer the unique ability to minimize the
often-large distance needed to measure antennas in the far field by mimicking the planar
waves seen in the far field using a parabolic reflector. Previous studies have produced re-
flector designs for compact ranges intended to operate well below the mmWave spectrum,
however, very few works have studied the design and implementation of reflectors for the
mmWave spectrum. This work describes the development of a CATR consisting of an off-
set parabolic reflector and studies the mathematical theory behind the reflector, the design
process with reflector simulations, the roughness and manufacturing of the reflector, and
the implementation of the reflector with a probe, AUT, and system to measure mmWave
antennas effectively. This work demonstrates the feasibility of using additive manufac-
turing processes to develop reflectors for CATRs as an accessible solution to easily and

economically measure mmWave antennas.

XV



Chapter 1

Introduction

There has been a significant trend across many applications to move to higher frequen-
cies. The radio frequency (RF) spectrum, in which technologies such as 5G, Wi-Fi, GPS,
and more operate, has limited supply but increasing demand. Frequencies below 6 GHz
are saturated with government and private users to such an extent that it is commonly re-
ferred to as the “beachfront” spectrum [1], [2]. This physical limitation that society is
fast approaching is prompting engineers and researchers to explore higher frequencies up
to the mmWave spectrum (characterized by most as 26.5 GHz and above) [3], [4]. With
ever-evolving technology, naturally comes the need to constantly improve the design, mea-
surement, and implementation of the new technology. Hence, as RF technologies such as
antennas and filters are being developed at higher frequencies, the ability to test them is
demanded in parallel [5], [6]. Possessing a compact antenna test range (CATR) specifically
designed for mmWave operation opens the door for increased development and production
of mmWave antennas [7]. The convenience is unmatched and necessary to expedite the
technological advancement to higher frequencies. This thesis also proposes the concept of
3D printing the CATR reflector as a low-cost and competitive performance alternative to

machining a reflector.



1.1 Motivation

Compact antenna test range facilities are an attractive alternative to overcome chal-
lenges faced in traditional antenna far field measurements [7]. The main advantage of
employing a CATR is the significant reduction in size, and it is often the most efficient
metrology option for higher frequencies such as the mmWave spectrum, which is becom-
ing a more alluring field of interest.

Many antenna performance measurements are completed in the far field region, in
which the emitted signal has traveled far enough to appear as a planar rather than a spherical
wave to the receiving device. The far field region is characterized as starting at a minimum
distance of

2D?

where D is the largest antenna dimension and A is the wavelength [8]. However, it is
commonly recognized that to achieve waves that are increasingly acceptably planar and for
more credible measurements a more accurate definition of the minimum far field distance
is

4D?

With the original definition outlined in Eq. (1.1), the theory highlighting how the waves
appear as planar is portrayed in Figure 1.1. Figure 1.1 also illuminates that at a distance
of 2D?/\ there is still a 22.5 degree offset from a perfectly planar wave. Doubling the
minimum distance reduces this offset to 11.25 degrees. By employing a well designed
reflector, the CATR system can achieve an even smaller offset in the quiet zone region
where the antenna under test (AUT) is placed. The challenge that comes with measuring in

the far field distance is that these distances are often extreme and inconvenient in Size.



Antenna %:; Antenna

2.5°

Far Field Distance: 2D%/A

Figure 1.1: Visualization of an emitted signal appearing more planar over distance to allow
for the far field distance to be measured
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(a) AUT Size (b) AUT Size

Figure 1.2: Far field distance (FFD) over antenna under test size for 77 GHz, 100 GHz, and
200 GHz as calculated by (a) Eq. (1.1) and (b) Eq. (1.2).

One may argue that according to Eq. (1.1), the far field distance for mmWave antennas
is not inconveniently large because the two main parameters, antenna size and wavelength,
are smaller. However, the far field distance is determined by the ratio between the two,
meaning the far field distance does not decrease over frequency at a steep enough rate to
allow for convenience in measuring in the mmWave spectrum. Also, it is increasingly

common for mmWave antenna systems to be designed as arrays. Phased arrays offer a



variety of desired flexibility and are being implemented in many applications, not the least
of which is autonomous vehicles which are well known for operating in the mmWave bands
[9], [10]. The far field distance for an array is much larger because the antenna dimensions
are larger.

Figure 1.2 presents the far field distance of antenna arrays up to 32\ wide (roughly
the size of a 64 element array) for frequencies of 77 GHz, 100 GHz, and 200 GHz. The
figure includes distances for the minimum distance (2D?/)\) and also the more commonly
accepted distance (4D?/)). As shown, it is not unusual to expect the far field measurements
to require more than 10 meters.

A CATR system overcomes many traditional obstacles, namely due to its compactness
and ease to do on-the-fly measurements. What would originally require 10 or more meters
can be completed in 1 meter. This is a substantial difference that would allow many engi-
neering testing facilities to better accommodate demands with less real estate burden. As
mentioned, CATRs also allow for precision in measurements and rival true planar waves in
the quiet zone of the system, better than the 11.25 degree offset seen in traditional far field
measurements.

CATRs are especially advantageous for mmWave applications in comparison to alter-
native antenna measurements to obtain far field results [7]. For example, one other strategy
would be to measure the antenna system in the Fresnel region, or near field region, and, us-
ing Fast Fourier Transform (FFT) computations, calculate the far field measurement. This
would allow for the far field measurements to be obtained without the traditionally large
amount of space required since the antenna system would be measured at only the distance
required for near field and not far field [8]. Although near field to far field conversions
may work well for many applications, the mmWave spectrum introduces more difficulties.
The extremely small wavelengths characteristic of high frequencies mean that the antennas

themselves are smaller and there is a great need for exactness in the measurements. There



is a need for consistent precision as testing antenna performance requires numerous mea-
surements across horizontal and vertical alignments. Being off by 1 cm at a 6 GHz antenna
measurement would mean an offset of 10% of the wavelength, but the same small 1 cm
offset for a 90 GHz system would mean an offset of 300% of the wavelength. In this case,
a CATR would prove a better option as there would be no data processing and the system

is more reasonably tolerant to small placement errors in the setup.

1.2 Literature Review

Marconi performed the first antenna pattern measurement in 1905 [11]. The idea for a
compact range to take measurements more efficiently surfaced in the 1960s and was further
developed into the 1970s with the work of Johnson of the Georgia Institute of Technology.
The initial experiments completed by Johnson included using a 10-foot paraboloidal reflec-
tor to collimate the field of a horn antenna. Illuminating only the upper half of the reflector,
the measurements with the rudimentary CATR system corresponded well with the mea-
surements performed in a far field range [11]. Soon after, it was discovered that serrations
helped tame the effects of edge diffractions when designed in a way that deflected the
diffraction away from the AUT [12]. Many of the main developments concerning CATR
reflectors deal with the progress in diluting edge diffractions by applying techniques such
as blended edges and serrations.

The use of reflectors to direct and manipulate field propagation is not unique to CATRs
and is even more prevalent in parabolic reflecting antennas. The earliest version of the
parabolic reflector antenna was developed by German physicist Heinrich Hertz in 1888
[13]. The configuration type was that of a cylindrical-parabolic reflector. The use of these
high-gain parabolic reflector antennas became more commonplace in the 1960s. Reflector,

or dish, antennas have their origins in optical telescopes with scientists such as Cassegrain



and James Gregory designing refracting optical telescope instruments. These names may
sound familiar because, today, reflector configurations based on the telescope designs such
as the Cassegrain and Gregorian reflectors are well known and commonplace [13].

There are many variations of reflector geometries such as plane, corner, and curved.
Parabolic, Gregorian, and Cassegrain fall under the curved category. Figure 1.3 displays
each of these reflector configurations. The typical front-fed parabolic reflector has a feed at
the focal point and the signal travels directly from the feed, to the reflector directly in front
of it, and then back into space. The offset parabolic reflector behaves similarly, but with
the notable difference that the feed is placed away from the center of the reflector and the
dish is an asymmetrical segment of the parabola. This ensures that the the feed is still at
the focal point but offset in a manner that it does not interfere or block the signal bouncing

off the reflector into space.

-
/

Receiver or
transmitter

Feed

Front Fed Parabolic Offset Fed Parabolic
pa
pa
Receiver or Receiver or Ellipsoid
. Feed transmitter f-229 sub dish
transmitter
Hyperbolic
sub dish
~
Cassegrain Gregorian

Figure 1.3: Various reflector configurations and their respective signal paths after being
emitted from the feed [14].



The Cassegrain design consists of two reflectors, a parabolic main dish and a hyperbolic
sub dish. The feed is placed behind the center of the parabolic reflector and the signal
travels to the hyperbolic subdish. The sub-reflector shaping gives amplitude and phase
control of the aperture illumination and spillover from the sub-reflector is directed out into
space so the signal is not degraded [15]. The signal commences from the sub-reflector to the
main reflector and then out into space. Again based on the telescope design, the Gregorian
design is similar to Cassegrain, but the subreflector is a concave ellipsoid. The CATR
system that this thesis proposes includes an offset parabolic reflector. As mentioned, this
eliminates any blockage that would be seen in the front-fed parabola design. Design trade-
offs to achieve maximal amplitude and phase taper efficiency, and balanced illumination
for minimal spillover of offset parabolic reflectors are discussed in the next chapter.

There are also design variations among these reflector configurations to reduce edge
diffractions. It is common to apply serrated edges or rolled edges to the rim of the reflector
to target edge diffractions bouncing back into and contaminating the quiet zone. This is

discussed in more detail in the following sections.

1.2.1 Alternatives to Reflectors in CATRs

Employing metallic reflectors is the most common method to create CATRs, but there
are other strategies as well. Reflectarrays and plane wave generators (PWGs) are valid
alternatives.

A reflectarray is a type of antenna that combines some of the advantages of phased
arrays and parabolic reflectors with a planar design, high gain, ease of fabrication, and
no requirement for feeding circuits [16]. Traditional reflectarray antennas use microstrip
patch elements with various phase delay lines or different element sizes to control phase

shifts. Each cell of the array is excited to reradiate outward of the aperture. By assigning



the reflection phase of each cell, a desired quasi-plane wave sourced from the reradiated
component can be collimated [17]. Similar to the parabolic reflector approach, the reflec-
tarray deals with edge diffraction issues. Several creative solutions have been invented
such as orienting the reflectarray at a 45 degree angle or by purposefully manipulating the
phase to steer the quiet zone away from the diffraction points [17]. Reflectarrays are con-
venient to fabricate compared to parabolic reflectors because they can be printed flat and
inexpensively on a PCB, compared to the manufacturing of a parabolic reflector made out
of aluminum [18]. The main issue with reflectarrays is their bandwidth as it is dependent
on the bandwidth of the elements [18]. Issues arise in high-frequency limitations with the
use of certain PCB materials. According to Borries [19], it is an involved process to create
a necessary synthesizing algorithm and to calculate the uncertainty quantification.

PWGs are another interesting alternative to parabolic reflectors. A PWG, comprised
of an antenna array with element placement and complex excitation, approximates a plane
wave condition at a close distance [20]. The PWG relies on phased array technology, en-
abling it to concentrate the radiated energy within a quiet zone volume. This allows the
PWG to be more compact compared to a CATR as it does not require a feed antenna and
achieves the plane wave condition at a shorter distance. Edge diffractions do not pose a
challenge to this solution type. According to Scirosi [20] the PWG performs better than
the reflector-based CATR at lower frequencies and is capable of measuring lower frequen-
cies with a smaller-sized system. However, when the frequency surpasses 10x the lower
frequency limit, the CATR with parabolic reflectors performs better than the PWG. Thus,
the reflector-based CATR has superior performance over a significantly wider bandwidth.
Outside of bandwidth, the main issue with PWGs compared to reflectors is the need for
powered elements and a more involved back-end system. Table 1.1 compares reflectarray
and PWG performance to reflector-based CATR solutions. The following section outlines

the reflector-based CATRs with different edge diffraction techniques.



Table 1.1: Comparing options of different compact antenna test range types

H Solution Type \ Advantages \ Disadvantages H
Reflector (no edge amends) + Wide bandwidth - Limited quiet zone
(limited by RMS) performance
@ « Simple manufacturing - Considerable edge
. compared to serrated diffractions
and blended edges
2
g
= Serrated Edge » Wide bandwidth « More expensive than
3 (limited by RMS) untreated reflector
F§ - Simple manufacturing | - Limited performance
a compared to blended compared to blended
5 edges edges
3
=
o
Blended Edge - Wide bandwidth + Complex to
(limited by RMS) manufacture
- Best performance of  More expensive
reflectors

Other Solutions

+ Promising research
for mmWave
applications

- Easy manufacturing,
fabricated on PCBs
« Least expensive

« Narrowest bandwidth

(limited by elements)
- Requires much
calibration

« Best performance for
low-frequency
- No edge diffractions
+ Small form factor

« Narrow bandwidth
(limited by elements)
- Powered elements
» Limited performance
above UHF/VHF
compared to parabolic
reflectors




1.2.2 Minimizing Edge Diffractions

Multiple ideas have been introduced throughout recent history to minimize the edge
diffractions that occur when the signal bounces off the edge of the reflector. Oftentimes the
presence of untreated edge diffractions will disturb the quiet zone and disrupt the planar
waves. To combat this issue, the two main techniques are employing serrations and rolled
edges. Overall the blended roll, when designed correctly, typically results in a superior
quiet zone than serrated edges, but the added manufacturing complexity results in a much
higher cost. Figure 1.4 displays design examples to highlight these two solutions.

Edge treatment has received much attention over the years since the development of the
first commercial compact range. Burnside [21] recommended that an elliptical rolled edge
be used, but quickly found that the abrupt change in curvature caused diffraction effects.
Burnside [22] overcame this effect by introducing the blended rolled. Figure 1.5 demon-
strates the impact of blended edges in deflecting unwanted edge diffractions to ensure no
undesired diffractions reflect to the quiet zone. The blended rolled edge produces a better
field in the quiet zone that has a smaller ripple than serrations, but it greatly complicates
manufacture, hence it is more costly.

Lee and Burnside [23] compare a 20\ x 20\ optimally designed blended edge reflector
and an identically sized serrated reflector. The central parabolic component for each is 10\
x 10, and the edge treatment extensions are added allowing the total reflector size to be
20\ x 20\. The blended edge performed significantly better than serrations of all sizes
up to the 20\ total size limit. The stray signal levels for the blended rolled edge reflector
were on average more than 15 dB lower than those for the serrated design [23], [24]. The
downside to the blended edge design is the increased expense incurred in the manufacturing
process, to this extent serrated designs are more commonly employed in industry, but this

work attempts to overcome this disadvantage by 3D printing the rolled edge reflector.
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(a) (b)

Figure 1.4: Common design methods to reduce edge diffractions are shown. (a) Side view
of a blended edge reflector and (b) front view of a serrated reflector.
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Figure 1.5: Field comparison of a feed antenna illuminating (a) a traditional parabolic re-
flector and (b) a blended edge parabolic reflector to visualize the difference in edge diffrac-
tions.
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Gupta [25], [26], [27] has been a pioneer in improving reflector design and proposed
processes to design blended edges. Gupta [28] has also contributed to improving reflector
design by presenting a Physical Optics (PO) analysis of serrated edge reflectors to mathe-
matically compare rectangular rim reflectors with and without serrations. In turn, Schluper
[29] developed a verification method for the serration design. This verification method con-
sisted of RCS measurements of reflector strips each terminated in different shapes. Many
researchers have studied various serration shapes to determine the optimal construction.
The RCS vs. angle data could be converted to induced current distributions and then the
fields in front of these reflector strips can be calculated using Physical Optics. Using this
technique, Schluper discovered that cosine-shaped serrations performed better than trian-
gular ones. Joy [30] at Georgia Tech introduced the petal-shaped serrations which have
been incorporated in all of the March Microwave reflectors [21], [22]. Joy [30] presents the
specific equation defining the serration shape and shows that the addition of serrations of
lengths larger than ten wavelengths of a flower petal shape reduces the stray radiation in the
quiet zone by as much as 10 dB. Yet another serration variation is shown in an NSI-MI re-
flector in Figure 1.6 which employs a piece-wise approximation to flower petal serrations,
embodying more trapezoidal pieces with a triangular top. The petal shapes also offer the
advantage of reducing the physical length of the serrations, which eases the manufacturing
cost and process.

In terms of reflectors for mmWave applications, few resources outline successful tech-
niques specific to this spectrum. The ideal number of serrations may depend on the oper-
ational frequency and there is a minimum number of serrations needed to provide a good
performance [23]. Several studies [29], [32], [33] confirm that the cosine shape outper-
forms the triangular shape in most cases, and [34] confirms this is true specifically for the
mmWave spectrum. Multiple serration shapes were studied in great detail for this project.

Ultimately, the proposed system of this research implements a blended edge solution
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Figure 1.6: Example CATR reflector created by NSI-MI Technologies, an antenna metrol-
ogy company [31]. Piece-wise petal-shaped serrations are used.

due to its superior performance. The cost of manufacturing is overcome by the novel idea of
3D printing the reflector, rather than the usual method of manufacturing by milling metal.
Chartering an additive manufacturing approach is a unique solution that allows for ease of
fabrication and decreases costs substantially. However, this technique has its challenges as
well. Working in the mmWave spectrum requires extremely smooth surface roughness of
the reflector. The limitation of the size of the 3D printer is an added consideration. Since
the reflector is made from 3D printing filament, it needs to undergo treatment to be coated
with a metallic lining to make it reflective. Silver paint and copper tape are the two main
explored solutions. Even if the 3D print itself meets the surface roughness requirements,

the final coated reflector must also be smooth. These challenges are reviewed in Chapter 3.
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1.3 Proposed System

The objective of this thesis is to investigate the requirements to develop a CATR for
high-frequency antennas and, based on that knowledge, to implement a mmWave com-
pact range. The current literature is limited in the use of compact ranges at this frequency
spectrum. Parameters such as the reflector design is explored and instruments are selec-
tively chosen for this project. This thesis presents a comprehensive study on the design and
implementation of a compact antenna test range throughout it’s six chapters.

The reflector as the central component of the CATR system is the main focus. The
design process of an offset parabolic reflector is explored and simulated in ANSYS HFSS
and TICRA GRASP. Options investigated are optimal depth of the reflector, the ideal probe
to illuminate the reflector, and maximizing efficiency while minimizing spillover effects.
The mathematical theory behind adding rolled edges to the parabolic reflector is described
extensively in Chapter 3. Based on the computations and simulations, a Ka-band reflector
design is proposed. Additive manufacturing options are explored and implemented. Con-
siderable surface roughness analysis is completed. The final reflector design satisfies sur-
face roughness requirements and applies considerations that accompany designs employing
blended rolled edges. With the completion of these studies, the reflector is fabricated and
integrated into a system to obtain measurements.

The other system components include the illuminating probe, vector network analyzer
(VNA), frequency extenders (FE), antenna under test (AUT), and positioners. The setup is
capable of measuring parameters such as the S-parameters, power, and phase of the antenna
measurements. The signal of the probe is emitted towards the offset parabolic reflector,
which then reflects the signal to the AUT located in the quiet zone. After the hardware
and software pieces of the system are integrated, the CATR is ready to measure antennas

ranging from 26.5 - 110 GHz with full flexibility on many parameters.
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1.4 Thesis Outline

Chapter 2 provides additional background information on fundamentals such as the
IEEE Standards for antenna measurements and why compact ranges are a practical solu-
tion. This fundamentals chapter also dives into the mathematical theory of how reflectors
manipulate the projected fields to collimate them into a planar wavefront. A simple ex-
ample of the design of a reflector is presented along with simulation results from ANSYS
HFSS. This chapter also analyzes design trade-offs that must be considered for compact
ranges and TICRA GRASP simulations shown to support claims [19].

Chapter 3 of this thesis focuses on the main aspect of the proposed compact test range
system: the reflector. The design process and various trade-offs are discussed. Aspects
such as the curvature design, surface roughness, and fabrication process are outlined.

Chapter 4 describes the system implementation. A project overview and an explanation
for each component within the compact range system is included. The individual instru-
ments such as the VNA and antenna probe are discussed in detail. How the components
of the system are created and integrated is demonstrated. The hardware and software are
discussed. This chapter recounts the assembly process that ultimately allows the system to
be usable.

Chapter 5 outlines the success of the system by presenting the resulting measurements.
Chapter 6 concludes this thesis with a discussion and summary of the findings on the

mmWave compact test range.
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Chapter 2

Fundamentals

This chapter will discuss the requirements to perform successful antenna measurements
focusing mainly on the criteria for far field measurements - mathematically explaining
why certain criteria are in place and how to incorporate it into a far field measurement
range. Phase, amplitude, and other quiet zone metrics will be discussed. This chapter
will then specifically discuss the suggestions for compact ranges in particular and analyze
certain trade-offs that must be considered in compact range design such as amplitude and

illumination trade-offs.

2.1 IEEE Measurement Requirements

IEEE [35] has published guiding protocols for antenna measurements to ensure confor-
mity and the highest quality measurements among researchers and engineers. According
to these highly adhered to standards, there are three general types of ranges to measure an
AUT in the far field distance of a wavefront with an approximated uniform plane wave:

- Free-space ranges. This type of range suppresses the effects of the surroundings to
acceptable levels, such as anechoic chambers [35].

-Ground reflection ranges. This type of range is designed to use reflections to produce

an approximated plane wave [35].
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-Near-field ranges. This type of range is designed to produce a uniform plane wave
through mathematical transforms such as spatial Fourier analysis [8].

Compact ranges are included in the free-space range classification. These measure-
ments are guided by the interest in obtaining the radiation patterns of antennas. Knowledge
of an antenna’s radiation pattern is desired because it conveys an antenna’s behavior and
characteristics such as the beamwidth, side lobe levels, and the cross-polarization level.
The measurements are usually focused on three main cut planes: the E-plane, where the
electric field lies, the H-plane, orthogonal to the E-plane, and the D-plane, or the diagonal
plane, between the E- and H-planes. The standard practice for measuring radiation pat-
terns in antenna ranges is illuminating the AUT with the probe and rotating it in azimuth
or elevations for different cut planes with the use of positioners. The radiation patterns can
be obtained with far field or near field measurements. Near field measurements are com-
pleted when the probe and the AUT are only a few wavelengths apart, meaning the radiated
power is mostly reactive. Far field measurements are collected when the probe and the
AUT are separated by a much greater distance, which was discussed in Chapter 1, and will
be elaborated on shortly. The greater distance must be large enough to meet certain criteria.
The fundamental criteria for a basic far-field range include considerations of the following
parameters:

- The coupling between the probe and AUT

- The amplitude taper of the illuminating wavefront

- The phase curvature of the illuminating wavefront

- Variations in the wavefront caused by reflections

- Interference from spurious sources

In this chapter, these considerations will be expounded and will be discussed to ensure
the compact range will meet the requirements concerning these considerations outlined by

[35].
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2.1.1 Phase

According to the IEEE standards recommended practice for antenna measurements
[35], there is an established relationship to determine the phase variation of the field il-
luminating the AUT. For a spherical wavefront, assuming minimal reflections, the phase
deviation, A¢, is given as

wD?

A= m 2.1)

for D/R << 1 where D is the maximum diameter of the AUT and R is the range between

the probe and the AUT.

AUT

Antenna

Wavefront
Figure 2.1: Illustration of a probe’s antenna pattern projection onto the AUT’s aperture.

The most commonly accepted criterion is to restrict A¢ to 22.5 degrees, resulting in the
well-known far field equation

R>2D?/\. (2.2)

This relationship is derived as follows. In Figure 2.1 the distance between the probe
and the center of the aperture is . However, this distance varies from the probe to different

points on the aperture. For example, the maximum distance is to the edge of the aperture
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where the distance is  + Ar. The Pythagorean theorem can be applied to the right triangle
as 72 + % = (r + Ar)2. It can be concluded that Ar = g—i. This difference in the path
length is what creates a phase difference across the aperture. As mentioned, it is widely

accepted that this should not exceed 7 /8, or \/16, to minimize measurement errors without

requiring largely impractical distances. If Ar < \/16, then
r>—. (2.3)

If greater precision is required, for example when measuring very low sidelobe levels,

the minimum range needed for an arbitrary phase error is expressed by

2

ma
r > .
T 4MAQ

(2.4)

In further analysis to illustrate the far field distance with respect to frequency, recall
Figure 1.2. The far field distance for AUTs of 77 GHz, 100 GHz, and 200 GHz are dis-
played for phase requirements of 22.5 degrees and 11.25 degrees. The far field distance
decreases with respect to frequency but severely increases with respect to stricter phase
requirements. It is also shown that the larger the AUT size, the larger the far field distance
required as well, so AUTs that are antenna arrays will require more space than a single
element. It can also be shown that an AUT of smaller beamwidth also requires larger far
field distances.

In summary, to consider the phase curvature of the illuminating wavefront as the IEEE
standards recommend, AUTs must be placed in an area with minimal phase change over
the aperture and this is usually achieved by placing the AUT in the far field distance. How-
ever, a well-designed compact range solution will achieve smaller phase changes over the

aperture with the use of a reflector.
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2.1.2 Amplitude

The IEEE standards [35] also require considering the amplitude taper of the illumi-
nating wavefront, in both the transverse and longitudinal planes. Similar to the phase re-
quirements, it is also ideal that the illuminating wavefront also has uniform amplitude to
ensure the field distribution, and, by extension, the antenna pattern, is not modified. Let’s
call the subtended angle across the probe that projects to the AUT aperture the projected
beamwidth. It is depicted in Figure 2.1 as the angle 6. This projected angle determines
what section of the probe’s radiation pattern will illuminate the AUT aperture, and, by ex-
tension, the amplitude taper across the aperture. The projected beamwidth can be denoted
as

0, = 2 arctan Qi (2.5)

r

and, inserting the expression for r as seen in Eq. (2.3), the resulting expression is

A
0, = 2 arctan 1a (2.6)

Thus, the projected beamwidth gets smaller for a smaller aperture. The projected
beamwidth will also decrease as an AUTs aperture beamwidth decreases. The antenna’s
directivity and projected beamwidth are trade-offs that need to be considered. The antennas
with broader beamwidth may result in increased errors due to reflections from the antenna
range, however, a probe that is too directive will not effectively illuminate the aperture
uniformly. According to the IEEE standards [35], in many test ranges, to minimize the
negative effect of the transverse amplitude taper it is recommended to choose a range an-
tenna that yields a 0.25 dB taper across the AUT aperture. Depending on the situation a
broader or narrower beamwidth may be selected. For situations where it is necessary to use

an antenna with a narrower beam, the alignment of the antenna and AUT becomes more
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crucial. For reference, if the amplitude taper is -0.5 dB at the edge of the AUT aperture,
there is a directivity reduction of ~ (.15 dB as compared to without a taper [35].

In the context of compact ranges, the feed antenna beamwidth and directivity is still
a deciding factor for uniform amplitude illumination but it is analyzed in reference to the
illumination of the reflector. It is undesired to have a feed that has too broad of a beamwidth

such that the excess signal over illuminates the reflector and causes spillover.

2.1.3 Quiet Zone Metrics

An antenna test range requires that the range present a planar wave front that is aligned
to the measurement coordinate system [18], [36], [37]. According to the IEEE standards for
antenna measurements [35], the quality of this quiet zone (QZ) is defined by the amplitude
taper, amplitude ripple, phase variation, and quiet zone reflectivity.

- Amplitude taper is measured as the variation of a second-degree polynomial fit through
the amplitude data over the quiet zone. As mentioned in Section 2.1.2, it is often ideal to
opt for a design that yields a 0.25 dB amplitude taper across the AUT aperture but this is not
always the case, especially for CATRs where the requirement is < 1 dB [35]. Much of this
work adheres to the IEEE standards for antenna measurement, but the standards for systems
built for radar cross section (RCS) measurements are similar. The typical amplitude taper
standard for RCS measurements is less than 1 dB of variation [38]-[40]. Many CATR
products on the market advertise their best capability as at or around 1 dB of amplitude
taper [41].

- Amplitude ripple is measured by determining the variation of amplitude about the
second-degree polynomial fit. The requirement is &+ 0.5 dB [35].

- Phase variation is derived from a field probe trace by measuring entirety of the phase

over the aperture of the QZ. There are other parameters, such as phase ripple and phase
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taper, that can be reported to show the purity of the plane wave across the QZ, but these are
less commonly used. As mentioned in Section 2.1.1, it is recommended to limit the phase
variation to 11.25 degrees. This cut-off becomes even lower (~ 10 degrees) when the test
range is used for RCS measurements rather than antenna measurements [38].

- Quiet zone reflectivity is the difference in dB between the direct path between the
range antenna and the QZ and the highest level of reflected energy entering the QZ.

Figure 2.2 provides a visual of the described metrics. These parameters describe the
quality of the plane wave and are alluded to in the rest of this work. This is the basis for a
CATR to ensure a quality system is constructed. In line with the requirements, the goal for

the proposed system is < 11.25 degree phase variation and < 1 dB amplitude taper.
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Figure 2.2: Quiet zone metrics of amplitude and phase as presented in [35].
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The following section begins to explain the compact antenna test range: how it is a
feasible solution to obtain the highlighted requirements, how it is an improved solution to

traditional test ranges, and trade-offs that must be considered.

2.2 Compact Range Solution

Now that the previous section outlined measurement requirements as guiding param-
eters for this project, it is time to explain at a fundamental level, how this project works
and can meet these requirements. This section covers the fundamentals of a compact an-
tenna range and how utilizing a reflector for antenna measurements works at a physical
and mathematical level. After the basic foundation is set describing the mathematical the-
ory that substantiates the compact antenna test range system, various trade-offs can be
explored. Certain aspects of the design can be altered to obtain different results and multi-
ple case studies are simulated to analyze these examples. First, the amplitude taper versus
illumination trade-off will be discussed to explain the compromise between balancing op-
timal efficiency while reducing spillover. Second, the focal length to diameter (f/D) ratio is
discussed with a case study of reflectors with different {/D ratios compared. Next, a study
is done to determine the optimal characteristics of the antenna to illuminate the reflector.
Lastly, a series of simulations are compared with various probe tapers to observe the effect

on the (ideally) planar wave entering the quiet zone.

2.2.1 Reflector Mathematical Theory

The purpose of the reflector is to collimate spherical waves into planar waves. As shown
in Figure 2.3, this phenomenon is achieved by utilizing the mathematical characteristics of
a parabola. Every parabola has a focal point and an aperture plane. Many line segments can

be drawn from the focal point to a point on the parabola, and then directly to the aperture
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plane. Figure 2.3 depicts several of these line segments. Three of the line segments are

labeled as follows: ABC, ADE, and AFG. Each of these line segments starting from the

focal point and ending at the aperture plane are the same total length. In terms of length,

ABC = ADE = AFG. Because the distance traveled from the focal point to the aperture
plane for each angle of the radiating signal is the same, a planar wave is formed at the
aperture plane. If the reflector could be infinitely huge, then the wave would be perfectly
planar, but as this is unrealistic, the quiet zone is characterized as quasi-planar waves that

are acceptable for our purposes.

Diameter (D)

Focal
length (f)

Figure 2.3: Example of a parabolic reflector. The reflector successfully turns the waves
emitted from the feed at the focus into plane waves because the distan