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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.
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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

FFD =
2D2

λ
(1.1)

where D is the largest antenna dimension and λ 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

FFD =
4D2

λ
. (1.2)

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 2D2/λ 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.
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Figure 1.1: Visualization of an emitted signal appearing more planar over distance to allow
for the far field distance to be measured

(a) (b)

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
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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 32λ 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 (2D2/λ) and also the more commonly

accepted distance (4D2/λ). 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
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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
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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.

Figure 1.3: Various reflector configurations and their respective signal paths after being
emitted from the feed [14].
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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
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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.
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Table 1.1: Comparing options of different compact antenna test range types

Solution Type Advantages Disadvantages
R

efl
ec

to
rB

as
ed

So
lu

tio
ns

Reflector (no edge amends) • Wide bandwidth
(limited by RMS)

• Simple manufacturing
compared to serrated
and blended edges

• Limited quiet zone
performance

• Considerable edge
diffractions

Serrated Edge • Wide bandwidth
(limited by RMS)

• Simple manufacturing
compared to blended

edges

• More expensive than
untreated reflector

• Limited performance
compared to blended

edges

Blended Edge • Wide bandwidth
(limited by RMS)

• Best performance of
reflectors

• Complex to
manufacture

• More expensive

O
th

er
So

lu
tio

ns

Reflectarray • Promising research
for mmWave
applications

• Easy manufacturing,
fabricated on PCBs
• Least expensive

• Narrowest bandwidth
(limited by elements)

• Requires much
calibration

Plane Wave Generator • 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
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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 20λ x 20λ optimally designed blended edge reflector

and an identically sized serrated reflector. The central parabolic component for each is 10λ

x 10λ, and the edge treatment extensions are added allowing the total reflector size to be

20λ x 20λ. The blended edge performed significantly better than serrations of all sizes

up to the 20λ 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.

(a) (b)

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.

11



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, ∆ϕ, is given as

∆ϕ =
πD2

4λR
(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.

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

The most commonly accepted criterion is to restrict ∆ϕ to 22.5 degrees, resulting in the

well-known far field equation

R ≥ 2D2/λ. (2.2)

This relationship is derived as follows. In Figure 2.1 the distance between the probe

and the center of the aperture is r. 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 r+∆r. The Pythagorean theorem can be applied to the right triangle

as r2 + a2

4
= (r + ∆r)2. It can be concluded that ∆r = a2

8r
. 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 π/8, or λ/16, to minimize measurement errors without

requiring largely impractical distances. If ∆r ≤ λ/16, then

r ≥ 2a2

λ
. (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

r ≥ πa2

4λ∆ϕ
. (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 θ. 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

θpr = 2arctan
a

2r
(2.5)

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

θpr = 2arctan
λ

4a
. (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 ∼ 0.15 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.

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 f/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.

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 distance from the focus to
the reflector and back to the aperture plane is equivalent regardless of which section of the
parabola is contacted. The line segments ABC, ADE, and AFG (yellow, blue, and green)
are all the same length, meaning a plane wave is present at the aperture plane.

A defining characteristic of a given reflector is its focal length to diameter (f/D) ratio.

This relationship determines how shallow or how deep is the parabolic reflector. A larger

f/D ratio results in a shallower reflector dish. The reflector’s f/D ratio also determines how

close is the aperture plane. For reflectors with an f/D ratio of 0.25, the focus lies in the
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aperture plane. The focus lies inside the aperture plane for f/D < 0.25, and the focus lies

outside the aperture plane for f/D > 0.25. An example of each scenario is shown in Figure

2.4 to display the focal point position compared to the aperture plane.

Figure 2.4: Example of parabolic reflectors with various f/D ratios. The reflector suc-
cessfully turns the waves emitted from the feed at the focus into plane waves because the
distance from the focus to the reflector and back the aperture plane is equivalent regardless
of which section of the parabola is contacted. The yellow, green, and blue arrows seen
in each reflector example are all the same lengths, meaning a plane wave is present at the
aperture plane.

Different effects occur for reflectors of different f/D ratios. When the focal point is

outside the aperture plane (f/D > 0.25), the feed over-illuminates the reflector and spills

over the reflector rim. This spillover is an inefficient use of energy and can result in harmful

edge diffractions as too much radiation striking the rim can cause rays to bounce back and

tamper with the quiet zone. Let’s compare this to a case where the focal point lies within the

aperture plane (f/D < 0.25). Figure 2.4 shows that instead of over-illumination occurring,

the reflector is under-illuminated. This is an inefficient use of the reflector, leaving large

swathes of it unused and resulting in a smaller quiet zone. The following section explores

more of these trade-offs.

Figure 2.3 and Figure 2.4 display parabolic reflectors, but notice that placing a feed in
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the focal point would block the waves bouncing from the reflector to the quiet zone. To

ensure that the feed does not impede the quiet zone, an offset-fed parabolic reflector is

employed rather than a front-fed. For an offset-fed reflector, only a piece of the original

parabola is used. The reflector is formed out of a piece of a larger paraboloid, specifically a

piece above the plane including the focal line. Thus, the feed can remain in the focal point,

which is critical to the system’s success, without impeding the signal.

The rest of Chapter 2 delineates several trade-offs and how different decisions can im-

pact the compact antenna test range system. The following section highlights the amplitude

taper and illumination trade-off. The reflector should be adequately illuminated by the feed,

but over-illumination to a certain extent is inefficient and can cause unwanted edge diffrac-

tions, while under-illuminating is also inefficient to a point as the quiet zone will suffer

from extreme amplitude taper. Recall that amplitude and phase variation should be kept to

a minimum for an optimal quiet zone.

2.2.2 Amplitude Taper and Illumination Trade-off

The f/D ratio of the reflector as well as the beamwidth and power of the feed antenna

determine the illumination [42]. Narrow beamwidths ensure minimal power spills over the

edge of the reflector (spillover) but also cause the reflector to be under-illuminated, which

limits efficiency. A wider beamwidth ensures better reflector illumination, but at the cost of

increasing spillover and introducing harmful edge diffractions. Increased reflector illumi-

nation translates to a larger quiet zone. Section 2.2.5 (specifically Figure 2.20) elaborates

on this further. This is a trade-off that must be optimized for best efficiency. Figure 2.5

illustrates illumination and spillover losses from a radiation pattern pointed at a reflector.

This report approximates the spillover and amplitude taper trade-offs by assuming a

general feed pattern of cos2N(ψ/2) [42]. The variable N is defined by the beamwidth of
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Figure 2.5: Example of a feed antenna pointed at a reflector and the resulting losses from
under illumination and spillover effects.

the feed and the dB level related to that beamwidth (Level) as defined by Milligan [42].

N =
Level(dB)

20 log (cos (beamwidthLevel(dB))/4)
(2.7)

With this approximation, the spillover efficiency and amplitude taper efficiency are found

as

spillover efficiency = 1− u2(N+1) (2.8)

and

amplitude taper efficiency =
4(N + 1)(1− uN)2

N2(1− u2(N+1))
cot2

ψ0

2
(2.9)

where u = cos(ψ0/2) and ψ0 is the half subtended angle of the reflector. Figure 2.6 displays

the spillover and amplitude taper efficiency for reflectors of various f/D ratios when paired

with a feed of 10 dB edge taper.
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Figure 2.6: Spillover efficiency and amplitude taper efficiency for reflectors of various f/D
ratios assuming a feed with 10 dB edge taper.

As the parabolic reflector becomes shallower, the spillover increases but the feed an-

tenna illuminates more of the reflector which greatly improves efficiency after a certain

point. On the contrary, a much deeper dish (small f/D) means that much more of the sig-

nal is contained and spillover is eliminated. The drawback is that the plane wave with an

acceptable amplitude taper is too small to be of good use in most cases. A middle ground

must be met where spillover is mitigated, but an efficient amount of the reflector is still be-

ing used to allow for acceptable amplitude taper. In this case, with an antenna feed pattern

of cos2N (ψ/2), if a reflector has an f/D equaling 0.4, then the spillover efficiency would

be 85% and the amplitude taper efficiency 77%. This would equate to spillover losses of

-0.61 dB and amplitude losses of -1.2 dB.

The following section continues a similar discussion concerning the effects the f/D ratio

has on the system. A reflector with an f/D ratio of 2.3 is compared to a reflector with an
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f/D ratio of 0.6 and the resulting quiet zones are explored. The simulation results will also

illuminate the impact of edge diffractions caused by spillover.

2.2.3 f/D Ratio Trade-off

Simulations were performed to compare reflector designs with identical diameters, but

varied focal lengths. Modifying the focal length while maintaining the reflector diameter

will vary the f/D ratio. The variation in f/D ratio is studied to analyze whether a greater f/D

ratio (larger focal length and shallower reflector dish) or a smaller f/D ratio (smaller focal

length and deeper reflector dish) results in less phase variation in the quiet zone.

For this experiment, two reflectors, Reflector A and Reflector B, are compared. Reflec-

tor A is based on a compact antenna reflector designed by NSI-MI Technologies. Reflector

A, based on the NSI-MI reflector model CRR-CRC-1, has a focal length of 2.3 m, a diam-

eter of 1 m, and operates starting at 20 GHz. The corresponding f/D ratio is 2.3. Reflector

B has a focal length of 0.6 m and has a much deeper reflector. Reflector B has an f/D

ratio of 0.6. Since these designs are both offset reflectors such that the feed does not block

the system, the offset of Reflector A from the xy plane it is levitating over is 0.2 m and

Reflector B is offset by 0.12 m. The feed angle at which the antenna is tilted from the

xy-plane is 17 degrees and 54 degrees for Reflectors A and B, respectively. Figure 2.8

displays the illustration of these designs, but first, Figure 2.7 observes the phase cuts at

various distances.

Figure 2.7 compares the phase cuts of Reflector A and Reflector B. The simulation

extracted the phase from -1 meter to +1 meter extending vertically across the reflector at

different distances away from the reflector. However, this data was trimmed to include the

phase in the quiet zone which occurs from -0.45 meters to 0.45 meters across, roughly the

same size as the reflector itself. The phase was captured at every half meter (every 33.3λ).
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Figure 2.7: Phase cuts at various distances from the reflector to observe the uniformity of
the phase in the quiet one for both Reflector A and Reflector B.

Figure 2.8 presents a more intuitive visualization to understand the experiment setup.

Reflector A is pictured on top with the resulting phase cuts extending outwards, and Reflec-

tor B is pictured on the bottom with the corresponding results at the same distances. The

variance of each of these phase cuts is calculated to quantify the difference between each

reflector and over distance. Figure 2.9 features the resulting phase variance over distance.
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Figure 2.8: Phase cuts of the quiet zone for Reflector A (top) and Reflector B (bottom) for
various distances away from the reflector as simulated by TICRA GRASP.

Figure 2.9: Variance of phase cuts of the quiet zone for Reflector A and Reflector B across
various distances away from the reflector.
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From the plot in Figure 2.9 it is apparent that Reflector B has less variation throughout

the entire distance than Reflector A, which is based on the NSI range. This is surprising

because at first glance is seems that the professionally designed reflector seems to be under-

performing in comparison. While it is true that Reflector A has increased phase variance,

and therefore a less perfect quiet zone, looking back on Figure 2.7 let’s reassess the phase

cuts. The Reflector A NSI-based design on average appears to have more symmetric phase

patterns than Reflector B. For example, compare the phase cuts of each at a distance of 1

meter away and Reflector B has a more erratic design on one side (ρ: 0 to 0.45 m) than the

other (ρ: -0.45 to 0 m). The 1-meter phase cut for Reflector A has a much more symmetric

pattern across the center of the reflector (across the center point of the plot’s x-axis). Other

good comparison points are the patterns at 0.5 m, 1.5 m, and 3.5 m. Each of these shows

the obvious distinction between Reflector A’s fairly symmetric results and Reflector B’s

less symmetric results.

Figure 2.10: Sketched visualization of feed illuminating Reflector A (top) and Reflector B
(bottom) to portray the effects of smaller and larger f/D ratios.
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Why is there a notable difference in symmetry between the two designs? Figure 2.10

portrays a sketch to explain. Reflector A is further from the feed so it is illuminated more

evenly than Reflector B. The larger f/D ratio also means that Reflector A is shallower, which

also aids in the even illumination efforts. The focal length is smaller and, by extension, the

feed for Reflector B is much closer, meaning the distance from the feed to the bottom of

the reflector is much closer than the feed to the top of the reflector. The difference in feed

distance across different points of the reflector causes the feed to illuminate the different

points of the reflector at slightly different times, producing offsets in amplitude and phase.

This causes an imbalance in illumination and lack of symmetry in the final phase patterns

in the quiet zone for Reflector B. The effects are also exacerbated because the feed for

Reflector B is close enough to the reflector that the emitted fields may still be reactive in

nature as found in the near field distance. The feed placed further away allows for the signal

to be less reactive in nature and less erratic upon contact with the reflector.

Despite the variance being lower overall for Reflector B, NSI most likely purposefully

designed their system with a longer focal length to achieve increased symmetry. For the

purposes of this work, a reflector with a larger f/D ratio in closer likelihood with Reflector

A is examined and researched. A larger f/D ratio is chosen due to the trade-offs discussed

in Section 2.2.2 in which amplitude taper and spillover efficiency are analyzed. As stated,

the maximal gain is of less importance in the ambitions of this project and is sacrificed for

other parameters. This trade-off dictates a larger f/D ratio be implemented.

Another interesting experiment is to simulate in TICRA the reflectors at a higher fre-

quency to compare to with lower end frequency range of 20 GHz. For this purpose, the

experiment was repeated utilizing the same reflector dimensions and simulated at 50 GHz

instead of 20 GHz. Figure 2.11 presents the phase variance across the quiet zone distance

for both frequencies in terms of electrical size.
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Figure 2.11: Variance of phase cuts of the quiet zone for Reflector A and Reflector B across
various distances away from the reflector simulated at 20 GHz and 50 GHz.

The trend remains the same, with Reflector B providing less variation overall but the

individual patterns consisting of less symmetry. Note that the variance across the quiet

zone is significantly less for the 50 GHz simulations than for the 20 GHz simulations.

This relates back to geometrical optics math which is the fundamental basis for all CATR

reflectors. If the reflector could be infinitely large, it could collimate a spherical wavefront

into a planar wavefront perfectly. However, realistically a practical reflector cannot be

infinitely large, and the wavefront is only approximately planar. In this case, the reflector

electrically appears larger to the 50 GHz wavefront compared to the 20 GHz wavefront.

The ‘larger’ reflector performs better at creating more planar waves in the quiet zone.
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2.2.4 Potential Feed Antennas

An important component of the CATR system is the feed antenna. It is essential to select

the correct feed that best suits the system. Gain, beamwidth, taper level, and symmetry (as

discussed in Section 2.2.3) are all characteristics to consider.

(a) (b)

(c) (d)

Figure 2.12: Various horn antenna feeds designed for 77 GHz modeled in HFSS: a) pyra-
midal horn b) dual ridged pyramidal horn c) conical horn d) corrugated conical horn.

It is not the reflector design alone that will determine the spillover levels, amplitude

taper, and overall efficiency, but also the feeding mechanism. This section discusses various

feeding options and analyzes the trade-offs.

To start this analysis, let’s begin by observing four horn antenna types: pyramidal horn,
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dual ridged pyramidal horn, conical horn, and corrugated horn antenna. Figure 2.12 dis-

plays the HFSS models for each of these horns. Horns are very common due to their

simplicity in construction, ease of excitation, versatility, large gain, and preferred overall

performance.

(a) (b)

(c) (d)

Figure 2.13: Radiation patterns of various horn antenna feeds designed for 77 GHz simu-
lated in HFSS: a) pyramidal horn b) dual ridged pyramidal horn c) conical horn d) corru-
gated conical horn.

A horn antenna is an antenna that extends from a waveguide into a flared shape. The

flared shape allows for better impedance matching to the surrounding free space (∼ 377Ω)

than a standard waveguide which has an abrupt discontinuity between the aperture and air.
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This impedance mismatch causes increased reflection and limited propagation compared to

the abilities of a horn antenna. The flare angle plays a considerable role in determining the

gain and efficiency of the antenna. The conical horn gain, for a given length, increases by

increasing the flare angle until it reaches a maximum, beyond which it starts to decrease

because of the large phase variations over the aperture [43]. The most widely used horn is

the pyramidal horn, which is flared in along all sides in both the E- and H-planes. Figure

2.13 displays the radiation patterns of the four antennas highlighted in Figure 2.12.

The pyramidal horn shows relatively wide beamwidth compared to the other options,

but does have significantly lower cross-pol. Compared to the pyramidal horn, the dual-

ridged horn is designed to be smaller. This is achieved because the ridges create capaci-

tance effects that decrease the cut-off frequency of the dominant propagating mode (TE10)

and increase the single-mode bandwidth. Viewing the ridges as a portion of the waveguide

in Figure 2.14(a), it can be viewed that the actual length of a waveguide a is not the acting

geometry and, rather, it is the effective length of the waveguide aeff that controls the horn

and its modes. This larger effective length allows for a lower TE10 mode while not sacri-

ficing by increasing the physical size of the structure. This is displayed in Figure 2.14(a).

Boundary conditions explain that the E-field approaching the ridges orthogonally induces

an electric current in the ridges, as seen in Figure 2.14(b). In summary, the dual-ridged

horn has the design advantage of achieving lower cut-off frequencies, wider bandwidth,

and smaller form factor. However, the size of the feed is not a limitation in our CATR

system.
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(a) (b)

Figure 2.14: Front-end view of a dual-ridged horn antenna to analyze in the context of
a waveguide. (a) Dimensions of dual-ridged horn antenna, including actual length a and
effective length aeff . (b) E-field behavior of dual-ridged horn antenna with boundary con-
ditions compounding the energy in the center along the ridges (black arrows indicating
electric current induced by boundary conditions.)

The pyramidal and dual-ridged do not have good alignment between their E- and H-

plane patterns compared to the conical and corrugated conical horns. The pyramidal horn

has different sizes in the E- and H-cuts which exacerbates the difference, but even a square

aperture would not produce near-identical patterns. The dual-ridged horn also experiences

differences between the patterns especially due to the fact that the ridges are only in the

E-plane. The conical horns have much better alignment between the E- and H- patterns

because the dimensions themselves are more symmetrical, but also because the circular

nature means fewer modes are excited. With fewer modes excited over a given frequency

range, there is less variation in the fields. As discussed in Section 2.2.3, symmetrical feed

patterns are desirable to obtain symmetrical patterns in the quiet zone. Therefore, based on

the simulation patterns in Figure 2.13, the conical or corrugated conical horn appear to be

better options than the pyramidal or dual-ridged horns due to their elevated symmetry. The

conical horns also have higher gains and are more directive.

The downside to the conical horn is the much higher cross-pol than the pyramidal or

dual-ridge options. The conical design is plagued with a higher cross-pol because the cir-

cular shape allows for a higher induced current along the rim of the aperture. The higher
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current contaminates the purity of the emitted signal and unwanted levels of cross-pol oc-

cur. In the face of this problem, the solution lies in the design of the corrugated horn

antenna which has grooves along the inside surface of the horn. These grooves, which are

electrically small compared to the wavelength of operation, enable very low cross-pol over

the bandwidth and also low side lobes. Due to boundary conditions, the electric field along

the sides of the conical horn is zero. There is low resistance along the edge. The cor-

rugated horn’s grooves have a large impedance compared to the conical counterpart. With

high impedance along the rim, very little current magnitude is induced in the same direction

and the current level no longer poses a threat to increase the cross-pol. The grooves cause

many edge diffractions that bounce in many directions and, when summed, average to very

little. This means that the back lobes - which are heavily dependent on diffractions - are

reduced [44]. Kay [45] reasons that the grooves present the same boundary conditions to

all polarizations, tapering the field distribution at the aperture in all planes and eliminating

spurious diffractions at the edges of the aperture

Another parameter to consider for CATRs is the taper level of the feed. The taper level is

defined as the difference in power from the peak of the main lobe to the first shoulder of the

main lobe [42]. The shoulder is different than a side lobe. For example, Figure 2.13c has a

shoulder that occurs at -30 degrees and +30 degrees where a slight bulge occurs in the main

lobe. In this case, the shoulder occurs at 15 dB down from the peak, so the subsequent taper

is -15 dB. The next section continues the discussion on tapers, but in general, to a certain

point, a larger absolute value taper is desired. In this case, these simulation results show

that the corrugated structure has a better taper than the plain conical, although it is likely

that this varies across different specific designs.

Analysis of these antennas concludes that the corrugated conical horn antenna is the

ideal option for CATR application. Horn antennas are desirable due to their high directiv-

ity and prominence in production as widespread options. The conical designs are composed

39



of symmetrical patterns across the electric and magnetic fields, and the corrugated design

specifically reduces the cross-polarization levels to an acceptable level. Table 2.1 summa-

rizes the advantages and disadvantages of each.

Table 2.1: Horn antenna feeds comparison

Horn antennas

Pyramidal Dual Ridged Conical Corrugated Conical

Gain (dB) 5.5 12.9 17.2 18.0

HPBW (deg) 76 44 24 24

Taper (dB) - - -15 -17

Symmetry Low Medium High High

Further HFSS simulations were performed on the four horns to visualize the phase. The

simulation setup included obtaining the near field radiation at many points of a rectangular

plane 8 inches long and 4 inches tall with the feed placed at the edge of the plane. Figure

2.15 outlines the resulting phase of the near field patterns. It can be observed that all of the

feeds do look relatively planar after a certain point. This is probably due to the fact that each

of the apertures is relatively small and there is not a significant phase difference across the

aperture. According to Balanis [8], the gain of a horn increases as the flare angle increases

until a certain point when the aperture becomes too wide and the phase variations across

the aperture become too much. In this case, all of the feeds are appropriately designed to

eliminate this complication.
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(a) (b)

(c) (d)

Figure 2.15: Simulated phase patterns of horn antennas in HFSS on cut planes 8 inches
wide and 4 inches tall. (a) pyramidal (b) dual-ridged (c) conical and (d) corrugated conical.

While this discussion has verified through simulation results that the corrugated coni-

cal horn is the preferred feed for CATR, it is important to note that corrugations for high-

frequency antennas are extremely difficult to fabricate and tend to be very lossy upon phys-

ical realization. With the accepted requirement being 10 or more corrugations per wave-

length, the grooves at mmWave frequencies and above are incredibly small, and the cost

of manufacturing is high [43]. Chapter 4, which highlights each component of the CATR

system, discusses the available feed that was utilized.
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2.2.5 Feed Antenna Taper

Another case study regarding the feeding probe is completed in this section. Simu-

lated feeds of different tapers are compared. In this case, the taper of a feed describes

the beamwidth in terms of the power reduction of the radiation pattern from the peak (at

0 degrees) to the subtended angle. Figure 2.16 presents the simulated Gaussian radiation

patterns. The feed with a 20 dB taper, decreases from the peak value by 20 dB at the sub-

tended angle. In other words, if the reflector has a subtended angle of 70 degrees, then the

radiation pattern will drop 20 dB from the peak power to -35 degrees to 35 degrees in both

the azimuth and elevation angles.

(a) (b)

Figure 2.16: (a) Gaussian radiation patterns for feeds of different taper levels. (b) Diagram
of reflector showing the definition of subtended angle [42].

The magnitude and phase results in the quiet zone for feeds of different tapers are

shown. The results are found by TICRA GRASP’s physical optics simulations. Figure

2.17 displays the 2D vertical cuts in the quiet zone for scenarios with feeds ranging from

tapers of -20 dB to -4 dB. A vertical cut is extracted to observe both the magnitude and

phase.
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Figure 2.17: Simulated magnitude and phase-cut patterns of a CATR system with Gaussian
feed of various tapering levels. The x-axis is the distance of the vertical cut of the quiet
zone in meters. The magnitude varies more with a steeper taper while the phase varies less
with a steeper taper.
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Figure 2.18: Simulated magnitude and phase grid cut patterns of a CATR system with
Gaussian feed of various tapering levels. The magnitude varies more with a steeper taper
(more directive feed antenna) while the phase varies less with a steeper taper.

Recall from Section 2.1.3 that the variation of the magnitude in the quiet zone is mea-

sured by looking at the variation of the second-degree polynomial of the data [35]. From

44



Figure 2.17 it is apparent that the increased directivity of the feed (larger taper) results in a

steeper drop-off of the magnitude.

Comparing the plots of the magnitude yielded by the 4 dB and 20 dB tapered feeds,

the magnitude brought about by the lower taper is relatively flat from -0.05 to 0.05 meters.

The magnitude of the scenario including the 20 dB tapered feed has dropped off nearly 10

dB at -0.05 and 0.05 meters. This is even more apparent in Figure 2.18, which shows a 3D

image of the quiet zone rather than one vertical cut. The magnitude in the quiet zone tapers

off significantly quicker with more directive feeds.

Next, consider the phase in Figures 2.17 and 2.18. As the feed antenna taper increases,

the phase stabilizes. The phase variation across the quiet zone of the scenario with the 4

dB tapered feed is 17 degrees, compared to the identical scenario with a 20 dB taper which

has less than 2 degrees.

This introduces an interesting dilemma, as the magnitude variation in the quiet zone

can be improved by employing a less directive antenna at the sacrifice of dramatically

worsening the phase variation. Figure 2.19 presents the trade-offs by plotting the variation

of the phase and magnitude over the feed antenna taper.

It is difficult to find a suitable medium with both the amplitude and phase meeting both

of the optimal guidelines of less than -0.25 dB amplitude variation and less than 11.25

degree phase variation (as outlined in Section 2.1.3). However, recall that the IEEE stan-

dards highlighted that the amplitude requirements may vary based on application. Given

the findings of Figure 2.19 for a reflector with a subtended angle of 70 degrees, ideally a

taper between 6 and 9 dB may be optimal. The quiet zone may be slightly smaller, but the

phase will have better variation levels.
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Figure 2.19: Variation of phase and magnitude for Gaussian feeds of different taper levels.
The variation is calculated over the distance ρ of -0.05 to 0.05 meters which can be observed
in Figure 2.17.

The optimal quiet zone technically varies with the different feed antennas. For example,

the 20 dB tapered feed, causes such extreme variation of the magnitude that realistically

-0.05 to 0.05 meters would not be an adequate quiet zone size. The quiet zone would need

to be defined as smaller, so the magnitude variation is not so extreme within the quiet zone.

For the purposes of this experiment, the quiet zone is consistently defined as bounded by

-0.05 and 0.05 meters (10 cm total). Thus, another way to look at the impact of the different

feed taperings is the change in the quiet zone size rather than the direct worsening of the

quiet zone. This can be related to the similar trade-off discussed in Section 2.2.3, in which

the efficiency of the system is evaluated by the quiet zone size given the size of the reflector.

A large reflector is inefficient if the quiet zone yielded is unreasonably small.

The reason the magnitude and phase variation are inversely impacted by the feed anten-

nas of different beamwidths is mainly due to edge effects. Figure 2.20 displays the set-up

with two feeds of different tapers.
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Figure 2.20: Illustration of how feeds with different tapers and beamwidths can impact the
compact range set-up. The scenario on the left has a large taper and the setup on the right
has a small taper.

It is illustrated that the narrow beamwidth only has consistent contact with the reflec-

tor for a smaller area, and thus the quiet zone is smaller. Otherwise, the feed’s radiation

pattern’s contact with the reflector varies too much which causes the variation of the mag-

nitude in the quiet zone. The smaller taper, and wider beamwidth, covers a larger area of

the reflector with even contact and results in a larger quiet zone with stable magnitude.

However, the radiation pattern is nearer to the rim and introduces more edge diffractions

which causes increased variation in the phase.

This trade-off as well as the others discussed in this chapter are considered in the final

design of this project which is covered in the next chapter. There are many aspects to

balance and oftentimes compromises are made in the best interest of overall success.

2.3 Summary

To summarize, Chapter 2 has outlined the theory behind compact antenna test range

reflectors and expounded upon many potential trade-offs involving the reflector design and

feed to progress toward a successful compact antenna test range. Aspects of the reflector

such as the optimal depth of the reflector and the preferred f/D ratio are explored to maxi-
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mize efficiency while minimizing spillover, and observing the impact in the quiet zone of

different designs. The feed is also discussed at length as various horn antennas are analyzed

as potential options before concluding that a feed with a symmetrical pattern of sufficient

directivity is ideal. However, there is not a perfect answer for the beamwidth of the feed

as too narrow will increase the magnitude variation in the quiet zone, diminishing the quiet

zone size and, thus, efficiency. On the other hand, too broad of beamwidth will invite ad-

verse edge diffractions, which also detracts from the system performance. A moderate f/D

ratio is selected for the reflector design and the Eravant W-band horn antenna is satisfactory

considering the simulation conclusions.

Chapter 3 dives further into the mathematical theory of the reflector and describes the

design process. The edge treatments, serrations and blended edges, are elaborated on math-

ematically. Much roughness analysis was performed considering the reflector will be oper-

ating at W-band frequencies and above. This is discussed at length, as well as the fabrica-

tion process that allows the roughness criteria to be met. Chapter 4 delineates the aspects

of the compact antenna test range system, ranging from the vector network analyzers to the

AUT. Once the components of the system are explained, Chapter 5 will outline the results

of the setup.
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Chapter 3

Reflector Design and Implementation

The reflector design in analyzed in-depth in this chapter. Whereas the previous chapter

illuminated high-level reflector design trade-offs, this chapter dives into the mathematical

design process. First, the curvature for an offset reflector and corresponding parameters are

defined. Next, the project ultimately employs rolled edges, so this topic is talked about at

length. Various questions on rolled edges are answered. What is the difference between el-

liptical and blended edges? Why is one better? How is this best designed? After designing

for 2D, how does one expand to 3D? Examples are included.

Once the reflector design is finalized, it is important to discuss the fabrication process

and possible limitations. The main challenge for high frequencies is the surface roughness.

Obviously, as the surface roughness increases the upper frequency bound of the system

diminishes. This chapter provides TICRA GRASP simulation results to quantify the upper

frequency bound for different surface roughness levels. This project aims to prove that

3D printing reflectors are a viable option, thus it must first be proven that the 3D print

and reflective metallic coating can meet the surface roughness requirements. 3D printing

filaments such as PLA, ABS, and resin are compared as well as the treatment procedures

such as sanding and copper plating. The final fabrication process is included.
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3.1 Reflector Curvature Design

This section outlines the design process for the curvature of an offset-fed parabolic

reflector. As previously explained, an offset geometry is selected to ensure that the feed

does not obstruct the quiet zone, as seen in a front-fed parabolic reflector. Cassegrain and

Gregorian designs were deemed needlessly complex for the proposed goal of mmWave

measurements. According to Olver [12], a single offset compact range can achieve a quiet

zone with exceptionally low amplitude and phase ripples. The weakest parameter is the

cross-polar level which is typically about -30 dB. This is due to the fundamental cross-

polarisation introduced by the offset geometry.

Figure 3.1 displays the offset-fed parabolic reflector geometry. The reflector is a piece

of a larger parent parabaloid. The parent parabolic is asymmetrical, but the portion of the

parabaloid that the reflector consists of is deliberately chosen to be offset from the axis. In

this way, the focus, f , with the feed remains in the same position but since the reflections

will only be occurring above the feed instead of all around the feed, there is no blockage

from the feed. The feed is tilted to be pointed at the center of the reflector. ψ0 describes

the angle from the axis of the parabola to the center of the reflector. The offset of the lower

rim, D′, is given as

D′ = H −D/2 (3.1)

where H is the offset of the reflector center and D is the diameter of the projected aperture,

as seen in Figure 3.1. From there it is possible to represent ψ0, the angle from the z-axis

the focal point lies on to the center of the rim, as

ψ0 = tan−1 16fH

16f 2 +D2 − 4H2
= tan−1 2f(D + 2D′)

4f 2 +D′(D +D′)
. (3.2)
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Figure 3.1: Parameters of an offset parabolic reflector, as defined by [42].

Figure 3.2: Perspective view of offset parabolic reflector geometry [42].
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If ψ0 is defined as the center point, then ψe can be described as the angle from the center

of the rim to the edge of the rim. The reflector subtends an angle of 2ψe from the center of

the rim, ψ0. The half cone angle is

ψe = tan−1 8fH

16f 2 + 4H2 −D2
= tan−1 2fD

4f 2 +D′(D +D′)
. (3.3)

Using these equations to compose the initial design, it is also important to recall that adding

the offset angle, D′, alters the critical f/D ratio as

f

D
=

cosψe + cosψ0

4 sinψe

. (3.4)

Although the feed remains at the focus point, it must be rotated at an angle of ψf , calculated

as

ψf = 2 tan−1 H

2f
= tan−1 2D

′ +D

4f
. (3.5)

It is also important to note that the rim lies in a plane at angle ψc from the z-axis.

ψc = 2 tan−1 2f

H
= tan−1 4f

2D′ +D
(3.6)

The reflector rim is shaped as an ellipse with major axis ae and minor axis be defined as

ae =
D

2 sinψc

(3.7)

and

be =
D

2
. (3.8)

From this point forward note that L = 2ae. For the purposes of this report, the major

52



axis is aligned along the x-axis and the minor along the y-axis with the reflector rim laid

on the x− y plane. The corresponding reflector depth d(x, y) is found as

d(x, y) = A

√
1 +

xD2
√
L2 −D2

1
+
D2(L2 −D2)

4f 2L4
(
D2

4
− y2)− 1− xD2

√
L2 −D2

2fL3

(3.9)

where

A =
2fL3

D(L2 −D2)
(3.10)

The deepest point dmax is determined by

dmax =
D3

16fL
(3.11)

and occurs at the point

xb = −D
2
√
L2 −D2

16fL
(3.12)

along the x-axis. The radial distance from the focus to the upper and lower bounds of the

rim are denoted as ρU
ρL

 =
fL2

D2
+
D2

16f
±D(

L2

D2
− 1). (3.13)

Table 3.1 outlines the variables used in these equations.
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Table 3.1: Reflector geometry symbol definitions

Symbol definitions

D Diameter of the projected circular aperture of the parabolic main, or

parent, reflector

D′ Offset distance; distance from the axis of symmetry to the lower reflec-

tor edge

H Offset of reflector center; distance from axis of symmetry to center of

reflector; D
2
+D′

f Focal length

ψ0 Angle from the axis of the parabola to the center of the cone of the

reflector, reflector subtends an angle ψe about this centerline

ψe Half cone angle

ψf Angle when the feed is pointed at the reflector point corresponding with

the aperture center

ψc Angle from which the rim lies in a plane from the z-axis

ae Length of major axis of reflector rim ellipse

be Length of minor axis of reflector rim ellipse

A simple initial design based on these equations was created and simulated in HFSS.

The initial parameters are set as follows: the projected diameter of the reflector, D, to 15

cm, the focal length, f , to 10.125 cm, and the height offset, D′, as D/8 or 1.875 cm. The

diameter of the parent parabaloid is 2D + 2D′ or 33.75 cm. Calculating Equations 3.2 and

3.3, and plugging the results into Eq. (3.4) yields the f/D ratio as 0.6.
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Figure 3.3: Step by-step demonstration of how reflector is constructed in HFSS to demon-
strate the elliptical portion of the parabaloid used.

The HFSS construction of the reflector is demonstrated in Figure 3.3. Once the parent

paraboloid is constructed in HFSS, an elliptical prism is built to intersect it. The bottom-

most point of the elliptical prism is at height D′ above the xy plane, and the major and

minor axes of the ellipse are 10.3 cm and 7.5 cm, as calculated from Eq. (3.7) and Eq.

(3.8). In HFSS the parent paraboloid and the elliptical prism are commanded to intersect,

meaning the new body is merely the elliptical piece of the parent paraboloid. This is the

reflector. The original f/D ratio of the parent reflector is 0.3 (a relatively deep dish), but due

to the offset, the f/D ratio of the reflector is calculated from Eq. (3.4) as 0.6.

A horn antenna is created, placed at the focal point of the parent paraboloid, and pointed

to the reflector at angle ψf . Figure 3.4 displays the phase results along the cut plane where

ψf intersects the reflector. This correlates to the aperture center or the center of the quiet

zone. Figure 3.4 also shows the phase along a line that runs through the center of this cut

plane. The phase is seen as jagged and irregular until it reaches the minimum distance away

from the reflector where plane waves begin to form.
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(a)

(b)

Figure 3.4: (a) The resulting simulated phase after the feed is placed at the focus and
pointed at an angle of ψf . The phase becomes linear at a certain point. (b) The resulting
simulated phase along the dotted line through the center of the model along the z-axis. The
phase evens out and becomes acceptable for measurements after a certain point.
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3.2 Reflector Rolled Edge Design

A method employed to minimize edge diffractions and avoid the distortion of a planar

wavefront is the use of rolled edges on the reflector. With this distortion level reduced, the

measurements will be more accurate and allow for lower cross-pol levels to be measured on

AUTs [12]. The rolled edges on reflectors are extensions of the reflector surface to deflect

undesired signals away from the quiet zone; the farther these undesired signals are forced

away from the quiet zone, the less negative influence they can inflict on it. This can be done

by having the surface smoothly deviate from a parabola to a more convex shape pointing

away from the quiet zone. An example can be seen in Figure 3.6. However, if the transition

from the parabola to the rolled edge is too quick, then new diffraction edges will appear

[46]–[50].
{{

{

plane wave from 

reflected field from 

rolled edge 

rolled edge 

junction point (ρ )

parabolic surfaceparabolic reflector

rolled edge

reflected field from 
rolled edge

j

junction point (ρ )j

Figure 3.5: Reflected fields of rolled edge reflectors.

It is important to differentiate between a rolled edge and a blended rolled edge. A rolled

edge is defined as an elliptical or similar convex surface added along the reflector rim in a
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smooth and continuous manner. Rolled edge is an umbrella term. Elliptical and blended

edges are both types of rolled edges. As seen in original designs in the 1980s, even if the

surface is continuous there can be a discontinuity in the transition between the paraboloid

and the rolled edge, due to the difference in the radius of the curvatures. A traditional rolled

edge, such as an elliptical edge, is discontinuous at the junction, but a blended rolled edge

can make the radius of curvature continuous across the junction. The parabola is a concave

surface when viewed from the focus whereas the ellipse is a convex surface, so the radii

of curvature on either side of the junction can be interpreted as having different signs in

addition to being discontinuous in magnitude. Consequently, the reflected fields from the

two surfaces are not equal and a diffracted field is created at the junction. Although not

explained in this work, the expression for this diffracted field is given by Chu [50]. Figure

3.6 shows the comparison between a blended edge and an elliptical edge.

As seen in Figure 3.6, ρj is the junction point: the point at which the purely parabolic

section ends and the rolled edge begins. The radius of curvature of a parabola at the junction

point ρj is

(a) (b)

Figure 3.6: Rolled edge parameters taken from (a) [25] and (b) [51].
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Rparabola
c = 2F

[
1 +

x2j + y2j
4F 2

]3/2
(3.14)

compared to the radius of curvature of an ellipse at point ρj is

Rellipse
c =

a2e
be
. (3.15)

Applying a blended rolled edge ensures that, although the slope of the surface appears

smooth, the radius of curvature is also smooth and, thus, the reflected fields from the two

surfaces are more equal.

3.2.1 2D Design Method

This section will follow Gupta’s [25], [51] procedure to design blended rolled edges

for minimal surface discontinuities. This procedure minimizes the diffraction fields in the

transition between the paraboloid and the rolled edge surface [25]. In the search for a

seamless transition between the parabola and the ellipse, four parameters are varied. The

major axis of the ellipse ae and the minor axis be, are promising variables to start with. One

can increase ae and decrease be to decrease the discontinuity in curvature radius. However,

increasing ae too much will cause the rolled edge to look too large, and decreasing be too

much will create too sharp of an edge. A compromise is needed for optimal designs. The

minimum radius of curvature of the portion of the reflector illuminated by the probe (i.e.

excluding the shadow region of the reflector which is discussed in the next section) must

be less than λmax/4. The values ae and be determine the radius of curvature, so this rule

of thumb concerning λmax/4 also constrains these values in the design process. The next

variable, as can be seen in Figure 3.6, is the length of the portion of the parabola used in

blending, xm. Lastly, the blended rolled edge can be described in terms of the parametric

angle γ, varying from 0 to γm. The variable γm defines how much of the ellipse is used
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as the rolled edge. The larger the γm value, the further the rolled edge continues to curl

behind the parabola. Gupta’s [25] defines the following characterizing equations in the ρz

plane with the focal point of length F placed along the z-axis.

Start simply by defining the equation of a parabola as

z = ρ2/4F. (3.16)

The junction point along the ρ-axis between the parabola and the rolled edge is referred

to as ρj . Eq. (3.16) defines the reflector surface for ρ ≤ ρj . The portion of the reflector for

ρ > ρj is defined as

ρellipse(γ) = (ae sin γ)xp2 + be(1− cos γ)yp2 + pj (3.17)

and

zellipse(γ) = (ae sin γ)xp3 + be(1− cos γ)yp3 + zj (3.18)

in the ρ and z axes respectively, where

xp2 = 2F/(p2j + 4F 2)1/2 (3.19)

xp3 = pj/(p
2
j + 4F 2)1/2 (3.20)

yp2 = pj/(p
2
j + 4F 2)1/2 (3.21)

yp3 = −2F/(p2j + 4F 2)1/2 (3.22)

and

zj = p2j/4F. (3.23)

Recall that the ideal transition is not solely parabolic nor solely elliptic, but a blended

combination between the two. Eq. (3.17) and Eq. (3.18) can be applied to define the
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blended rolled edge in the ρz coordinate system as

ρblended(γ) = ρparabla(γ)[1− b(γ)] + ρellipse(γ)bγ (3.24)

and

zblended(γ) = zparabla(γ)[1− b(γ)] + zellipse(γ)bγ (3.25)

where

ρparabola(γ) = γ
xm
γm

xp2 + pj (3.26)

and

zparabola(γ) = ρ2parabola(γ)/4F. (3.27)

Inserting Eq. (3.17), (3.18), (3.26), and (3.27) into Eq. (3.24) and (3.25) then

ρblended(γ) = (γ
xm
γm

xp2)[1− b(γ)] + [(ae sin γ)xp2 + be(1− cos γ)yp2]b(γ) + pj (3.28)

and

zblended(γ) =

[
(γ xm

γm
xp2)

2 + 2ρjγ
xm

γm
xp2

4F

]
[1−b(γ)]+[ae sin γxp3+be(1−cos γ)yp3]b(γ)+zj

(3.29)

for ρ > ρj . The portion of the reflector for ρ < ρj is still defined as the simple parabolic

expression from Eq. (3.23).

It is important to note that b(γ) is a blending function that varies from zero to one from

the junction to the furthest end of the rolled surface such that b(0) = 0 and b(γm) = 1. A

common design is the cosine blend which is defined as

b(γ) =
1

2

[
1− cos

(
πγ

γm

)]
. (3.30)
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Table 3.2: Common blending types, their equations, order, and constants for Eq. (3.31)

Blending Type Blending Function Order (n) α

Linear b(γ) = γ
γm

1 12
Square b(γ) = ( γ

γm
)2 2 48

Cosine b(γ) = 1
2
(1− cos πγ

γm
) 2 12π2

Cosine Squared b(γ) = 1
4
(1− cos πγ

γm
)2 4 90π4

More blending functions are displayed in Table 3.2. The blending function ensures the

smooth transition for which we’re aiming. The blending function is designed such that the

derivative of it is zero at the junction. An nth order blending function, for which the first

n−1 derivatives are zero at the junction and the nth derivative is nonzero (bn ̸= 0), provides

a smoother transition the higher the nth order is. However, there is a point of diminishing

returns where the higher orders no longer produce less diffracted fields and the higher order

blending functions require more space to obtain a smooth junction. The discontinuity in

the nth order derivative of the radius of curvature is

ϵn =
αFkn+3

(xnm)

[
ae

(xm/γm)
+

Fbek
3

(xm/γm)2
− 1

2

]
(3.31)

where

k =
√
1 + (ρj/2F )2. (3.32)

and α is a constant dependent on the blending function.

Table 3.2 includes the value of this constant for certain examples. The variables ae, be,

γm, and xm can be tuned to set ϵn to zero. This will lead to a smooth surface to reduce

the diffracted fields towards the quiet zone. Eq. (3.31) can be derived by comparing the

nth derivative of the radius of curvature of the blending function to the nth derivative of the

radius of curvature of the parabola at the junction of curvature ρj . This means that at the

junction point (where γ = 0 and ρ = ρj) an nth order blending function adheres to the rule
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that (
dnRc

dρn

)blend

=

(
dnRc

dρn

)parabola

+ b(n)(0)ϵn. (3.33)

The following sections walk through examples to illustrate the design process for both

an elliptical and blended edge surface to operate in Ka-band (27 - 40 GHz).

3.2.1.1 Elliptical Edge Design Example

Consider a parabolic reflector with fc = 35 cm and elliptic rolled surface terminations

with ae = 8.6 cm, be = 3.75 cm. The rolled edge is to be added at 30 cm (ρtopj ) and at 15 cm

(ρbottomj ). Let us call this surface S2.1. Recall that one of the design constraints is that the

minimum radius of curvature (Rmin
c ) of the illuminated surface must not be smaller than

λmax/4 where λmax corresponds to the wavelength at the lowest frequency of operation,

which in this example is 27 GHz (λmax = 1.11 cm.) In the case of an ellipse,

Rmin
c =

b2e
ae
. (3.34)

Thus, be2

ae
must not be less than 0.2775 cm. The selected values are acceptable as they

yield a result of 1.758 cm. Figure 3.7 displays the surface.
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Figure 3.7: Two-dimensional parabolic reflector with elliptic rolled edges (S2.1).

Figure 3.8 presents the definition of the illuminated region of a surface when given

vectors

n̂ = unit vector normal to the surface

k̂ = direction of propagation of the incident electric field

and

H i = incident magnetic field on the surface.
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Figure 3.8: Illuminated region and shadow region of a scattering body.

The illuminated and shadow regions are determined by

k̂ · n̂ =


< 0 in the illuminated region

= 0 at the shadow boundary, and

> 0 in the shadow region.

(3.35)

When the dot product of k̂ and n̂ are less than zero, the surface is illuminated. The illu-

minated region up to and including the shadow boundary must meet theRmin
c requirements,

which this example has done.
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3.2.1.2 Blended Edge Design Example

Let us now design a cosine blended rolled edge for a 35 cm focal length reflector.

Surface 2.2 also has an ae of 8.6 and be of 3.75. The added variables to consider are xm

and γm. There are four main considerations in determining these values:

C.1) The first consideration is minimizing the nth order derivative of the radius of cur-

vature, ϵn. This is done by yielding to Eq. (3.31).

C.2) Next, the maximum reflector dimensions must also be considered. In this case,

the maximum allowable dimensions are 25 cm x 25 cm, which is, unfortunately, a fairly

stringent size restriction for a Ka-band reflector. These size constraints are due to the

limited size of the available 3D printers, which is how the 3D version of this reflector will

be fabricated. The xm value plays a large role in the size of the blended edges; a larger xm

results in a better ϵn value, but a larger sized reflector. To overcome this, experiments were

performed to print the reflector into 4 pieces and interlock them together. This increases

the maximum dimensions to 50 cm x 50 cm.

C.3) Another recommended rule is that the parabolic section of the reflector is at least

10λ. By dedicating this much space to the parabolic section of the reflector, the blended

edge was originally allotted only the remaining space within the 25 cm x 25 cm restrictions,

but this is also overcome with the solution of printing the reflector in quarters.

C.4) In general, γm is recommended to be between 105 and 180 degrees. However, a

larger value typically results in a larger ϵn.

For the design process, γm was set to 105 degrees. A MATLAB code cycled through

thousands of possible combinations of ae, be and xm while filtering results that met the size

and ϵn constraints. The parabolic portion of the reflector was sized at slightly greater than

10λ to allow more room for the blended edges because otherwise, an acceptable ϵn value

was difficult to achieve. At 27 GHz, the height of the parabolic portion is 13.5λ. Table 3.3
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displays the surface parameters. The final 2D reflector size was 18 cm x 44 cm and the ϵn

is 0.6654 at both the top and bottom junctions.

Table 3.3: 2D surface characteristics

Surface 2.1 Surface 2.2

Blending: None Cosine

fc 35 cm 35 cm

ae 8.6 cm 8.6 cm

be 3.75 cm 3.75 cm

xm - 38 cm

γm - 105◦

ybot 15 cm 15 cm

yavg 22.5 cm 22.5 cm

ytop 30 cm 30 cm

ψf 35.64◦ 35.64◦

The minimum radius of curvature is trivial to determine in the case of an elliptical

shape, as seen in the previous example (Eq. (3.34)). For a curve defined in the ρz plane the

radius of curvature can be found as,

Rc(γ) =
Ru

Rl

(3.36)

where

Ru(γ) =
3
√

(ρ′)2 + (z′)2 (3.37)
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and

Rl(γ) = |ρ′z′′ − ρ′′z′|. (3.38)

Thus, by taking the derivative and second derivative of equations 3.28 and 3.29, which

were the lengthy equations describing the curvature of zblended and ρblended, one can find the

radius of curvature of the blended edge. Then, depending on k̂ (the direction of propaga-

tion of the incident electric field) and the shape of the reflector surface, it can be determined

where the illuminated region is truncated by the shadow boundary. This is essential to de-

termining that the minimum radius of curvature of the blended edge reflector’s illuminated

region is not less than λmax/4. It is too lengthy to show here, but this example does meet

this constraint as 0.2901 is more than 0.2775 cm. Figure 3.9 shows Surface 2.2 compared

to Surface 2.1.

Figure 3.9: Two-dimensional parabolic reflector with elliptic and blended rolled edges
(S2.1) and (S2.2).
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3.2.2 3D Design Method

The discussion thus far has established the method to design an elliptical and blended

edge in the 2D space and now this foundation will be expounded upon for the 3D design.

The 3D design is, of course, the most practical for realizing the reflector in the real world.

Again, the 3D mathematical design is also based on Gupta’s [25] work for the framework

of the next subsection.

The paraboloid in the xyz coordinate system is defined as

z =
x2 + y2

4F
. (3.39)

The rim of the reflector is called the junction contour around the perimeter. Figure 3.10(a)

shows the 2D parabola. Figure 3.10(b) depicts the parent paraboloid centered in the xyz co-

ordinate system, and the section of the parent utilized for the 3D offset reflector is centered

at a point (xavg, yavg, zavg). Note that

zavg = (x2avg + y2avg)/4F. (3.40)
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(a)

(b)

Figure 3.10: Coordinate system for 3D rolled edge design [25].
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Table 3.4: Coordinate system translations

Coordinate system translations
Translation from xyz to x′y′z′ Translation from x′y′z′ to ρ′ϕ′z′

x = x′ + xavg x′ = ρ′ cosϕ′

y = y′ + yavg y′ = ρ′ sinϕ′

z = z′ + zavg z′ = z′

A new coordinate system x′y′z′ has an origin centered at the offset reflector. A cylindrical

coordinate system sharing an origin with x′y′z′ is also defined and can be viewed in Figure

3.10(a). Table 3.4 gives the translation equations between the coordinate systems.

As seen in Figure 3.10(a), p′j is a point on the junction contour of the reflector in the

cylindrical coordinate system. This point p′j is a single value for each ϕ′ angle. To collect a

series of p′j values to build the 3D rim, a value must be defined for each ϕ′ value. For each

instance when ϕ′ is fixed, looking at a certain point on the rim, the rolled edge is added in

the ρ′z′ plane. Thus, a similar approach is taken as seen in the 2D design strategy. For each

angle ϕ′ a smooth rolled edge is added in the ρ′z′ plane. In this way, the reflector builds up

a surface of unique rolled edges that vary with angle. First, it is important to understand

that the parabolic section of the reflector is given by,

ρ′2 + 2ρ′(xavg cosϕ
′ + yavg sinϕ

′) = 4Fz′ for


0 ≤ ρ′ ≤ p′j

0 ≤ ϕ′ ≤ 2π

(3.41)

If the rolled edge is added at a point ϕ′ = ϕ′
j , then Eq. (3.41) becomes

ρ′2 + 2ρ′(xavg cosϕ
′ + yavg sinϕ

′) = 4Fz′. (3.42)
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By extension, the junction height, as shown in Figure 3.10, is

ρ′′j = ρ′j(ϕ
′
j) + xavg cosϕj

′ + yavg sinϕ
′
j. (3.43)

The junction height ρ′′j may vary with ϕ′
j , so the rolled edge parameters will vary with ϕ′

j .

Building from Section 3.2.1, the rolled edge in the ρ′z′ coordinate system is defined as

ρ′(γ) =

[
γ
xm(ϕ

′
j)

γm(ϕ′
j)
xp2

]
[1− b(γ)]+ [(ae(ϕ

′
j) sin γ)xp2+ be(ϕ

′
j)(1− cos γ)yp2]b(γ)+ρ

′
j(ϕ

′
j)

(3.44)

and

z′(γ) =

[(
γ
xm(ϕ

′
j)

γm(ϕ′
j)
xp2 + ρ′′j

)2

/4F

]
[1− b(γ)][(ae(ϕ

′
j) sin γ)xp3

+be(ϕ
′
j)(1− cos γ)yp3 + z′′j ]b(γ)− (xavg cosϕ

′
j + yavg sinϕ

′
j)

2/4F

(3.45)

where

z′′j = (ρ′′j )
2/4F (3.46)

xp2 = 2F/(ρ′′2j + 4F 2)1/2 (3.47)

yp2 = ρ′′j/(ρ
′′2
j + 4F 2)1/2 (3.48)

xp3 = ρ′′j/(ρ
′′2
j + 4F 2)1/2 (3.49)

and

yp3 = −2F/(ρ′′2j + 4F 2)1/2. (3.50)

Therefore, the entire surface is defined in the ρ′ϕ′z′ coordinate system. Similarly seen in

the previous section, for a given ϕ′, Eq. (3.41) defines the surface for ρ′ < ρ′j(ϕ
′) while Eq.

(3.44) and (3.45) define the surface for ρ′ > ρ′j(ϕ
′) as a function of parametric angle γ.
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As mentioned earlier in this subsection, the reflector rim can be any shape. According

to Pistorius [46], the optimal reflector shape is a convex rectangle. Figure 3.11 depicts an

example of a concave-shaped rim. The reflector would be parabolic within the rim and the

blended edges would begin after the rim.

Figure 3.11: Concave frame, target zone, and defining rectangle described as well as defin-
ing characteristics.

The target zone is defined as extending from xleft to xright and from ybottom to ytop in

the x− and y− directions, respectively. There is a defining rectangle that is a distance re

away from all borders of the target zone. This can be seen in Figure 3.11. The value re

controls the concavity. A positive re yields a concave rim, an re of zero yields a rectangular

rim, and a negative re value, a convex rim. The concave edge is defined as
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xj =



xright + re(1− cosϕ′) 0 ≤ ϕ′ ≤ ϕ1

xavg + (ytop + re − yavg) cotϕ
′ − re cosϕ

′ ϕ1 ≤ ϕ′ ≤ ϕ2

xleft − re(1 + cosϕ′) ϕ2 ≤ ϕ′ ≤ ϕ3

xavg + (ybottom − re − yavg) cotϕ
′ − re cosϕ

′ ϕ3 ≤ ϕ′ ≤ ϕ4

xright + re(1− cosϕ′) ϕ4 ≤ ϕ′ ≤ 360◦

(3.51)

yj =



yavg + (xright + re − xavg) tanϕ
′ − re sinϕ

′ 0 ≤ ϕ′ ≤ ϕ1

ytop + re(1− cosϕ′) ϕ1 ≤ ϕ′ ≤ ϕ2

yavg + (xleft − re − xavg) tanϕ
′ − re sinϕ

′ ϕ2 ≤ ϕ′ ≤ ϕ3

ybottom − re(1− cosϕ′) ϕ3 ≤ ϕ′ ≤ ϕ4

yavg + (xright + re − xavg) tanϕ
′ − re sinϕ

′ ϕ4 ≤ ϕ′ ≤ 360◦

(3.52)

zj = (x2j + y2j )/4F (3.53)

where

xavg = (xleft + xright)/2 (3.54)

yavg = (ytop + ybottom)/2 (3.55)

ϕ1 = tan−1
( ytop + re − yavg
xright + re − xavg

)
(3.56)

ϕ2 = tan−1
( ytop + re − yavg
xleft − re − xavg

)
(3.57)

ϕ3 = tan−1
(ybottom + re − yavg
xleft − re − xavg

)
(3.58)
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and

ϕ4 = tan−1
(ybottom − re − yavg
xleft − re − xavg

)
. (3.59)

Figure 3.12: The first row depicts convex, rectangular, and concave rims (identical except
for the re value). The second row shows the entire blended edge surface (again, identical
parameters except for re). The third row includes the results from [46] displaying the
magnitude of the diffracted fields from each reflector (10 GHz).

Figure 3.12 presents a convex, rectangular, and concave rim, the complete reflectors

built around those rims, and their calculated magnitude of diffracted fields as found by

[46]. Figure 3.12 demonstrates that a convex frame will result in a higher magnitude of

edge-diffracted fields when the goal is to minimize edge diffractions. Thus, a concave-

shaped rim is ideal for the best quiet zone [46].
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3.2.2.1 Elliptical Edge Design Example

A three-dimensional reflector referred to as surface S3.1 with fc = 35 cm and concave

edge contours will now be analyzed. This corresponds to the two-dimensional surface S2.1

discussed earlier in Section 3.2.1.1 in that surface S2.1 is the yz-plane cut of S3.1. The

reflector parameters include an ae of 8.6 cm and be of 3.75 cm.

The target zone is considered to be 12 cm wide and 15 cm tall, with the center of the

target zone 22.5 cm above the axis of symmetry of the paraboloid as shown in Figure 3.11.

The surface is pictured in Figure 3.13 and will be compared to a blended edge counterpart

in the following section.

Figure 3.13: Three-dimensional parabolic reflector with elliptical edges (S3.1)
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3.2.2.2 Blended Edge Design Example

Consider now the case of a parabolic reflector with a focal length of 35 cm and a cosine

blended edge with parameters ae = 8.6, be = 3.75, xm = 38, and γm = 105 degrees.

This surface S3.2 is the final design that is ultimately fabricated and implemented in the

CATR system. Chapter 5 presents the measured results of this enacted design. Again, for

the design process, a MATLAB code cycled through thousands of possible combinations

of ae, be and xm (γm was set to 105 degrees) while filtering through and saving results that

met the size and ϵn constraints.

The average ϵn value across all angles was 0.653, which is a relatively low radius of

curvature discontinuity. This means the blended edge with these parameters is a promising

design for the goal of minimizing edge diffractions in the CATR quiet zone. The final size

of the reflector is 38.12 cm x 39.91 cm x 18.22 cm, which does fit in the size constraints

of the Bambu printer being used for fabrication when it is sliced into four pieces. The

MATLAB surface plot shown of this reflector in Figures 3.14 and 3.15 can be increased

in resolution and exported as an .stl file with the use of a MATLAB function. This is then

imported into Solidworks and modified to add the backing and to turn it into a printable

solid. One quarter is printed at a time, as well as a final fixture to hold them into place. An

epoxy glue is then used to secure the pieces.

The next section pivots from the discussion of the geometric design to the study of the

allowable surface roughness of reflectors for Ka-band and higher. This is another important

element to consider in the implementation of a mmWave reflector. Table 3.5 displays the

parameters for S3.1 and S3.2.
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Figure 3.14: Three-dimensional parabolic reflector with blended rolled edges (S3.2).

Figure 3.15: Three-dimensional parabolic reflector with blended rolled edges front view.
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Table 3.5: 3D surface characteristics

Surface 3.1 Surface 3.2

Blending: None Cosine

fc 35 cm 35 cm

ae 8.6 cm 8.6 cm

be 3.75 cm 3.75 cm

xm - 38 cm

γm - 105◦

re 8.6 cm 8.6 cm

ybot 15 cm 15 cm

yavg 22.5 cm 22.5 cm

ytop 30 cm 30 cm

xleft -6 cm -6 cm

xright 6 cm 6 cm

ψf 35.64◦ 35.64◦

3.3 Reflector Roughness

Previous studies have produced reflector designs for compact ranges intended to oper-

ate well below the mmWave spectrum, however, very few works have studied the design

and implementation of reflectors for the mmWave spectrum. The main projected obstacle

is the surface roughness as studies have shown that surface roughness on the order of a few

micrometers can lead to significant losses in reflectivity, reduce the gain of the reflector,

increase sidelobe level, and increases the noise in the system [52]–[56]. Two main parame-
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ters are used to describe the roughness of a substrate: average roughness, Ra, and root mean

square roughness, Rq. The average roughness, Ra, is the arithmetic average of the absolute

values of the profile heights over the sample. The RMS roughness, Rq, is the root mean

square average of the profile heights over the sample. For this project, two instruments

were used to measure the surface roughness of various samples.

First, simulations were completed in TICRA GRASP to observe and quantify the effect

of a reflector’s surface roughness on the purity of the quiet zone. This will provide much-

needed direction when creating the surface roughness requirements for the fabrication of

the reflector in both 3D printing and CNC milling [57]. The simulation set-up included

an identical reflector scaled for different frequencies from W-band to sub-terahertz. Var-

ious average roughness values are simulated, ranging from 0 (ideal) to 25 µm. Another

important variable that was evaluated was the spacing between the roughness peaks ns.

This variable describes the rate of change of the surface roughness. Different materials can

possess the same average roughness, but the surfaces look drastically different because the

roughness spacing differs.

Figure 3.16: Various ns values are illustrated for a common RMS roughness value. The
distance between the black lines on the surface is 0.06 mm [58].
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This can be seen in Figure 3.16. One case demonstrates no distortions. Five cases of

surface smoothness corresponding to ns = 1.2, 0.6, 0.24, 0.12, and 0.06 mm for the same

value of ϵrms are illustrated in Figure 3.16. The example visuals in Figure 3.16 all share

the same ϵrms value, but the frequency of the peaks and valleys vary. A higher ns value

denotes that the surface roughness varies at a slower rate while a lower ns value means that

it is a more rapidly varying surface.

The TICRA simulation included reflectors designed for 100 GHz, 200 GHz, 300 GHz,

400 GHz, and 500 GHz. The average roughness varied from 0 to 25 µm and the spacing,

ns, was set to 250 µm, 500 µm, and 1000 µm. Figure 3.17 displays the resulting phase

variation in the quiet zone for each combination.

Based on the results, as expected, the phase variation worsens when the average rough-

ness increases. The increased roughness results in the incident propagating wave bouncing

in a slightly offset direction than intended. As this happens across the entire surface of the

reflector, the aggregate of the collimated wave has many small errors introduced that cause

increased phase distortion in total. This is exacerbated by higher average roughness values.

According to the plots, this problem becomes worse at a faster rate for higher frequencies.

100 GHz and 200 GHz appear to be relatively unaffected by the surface roughness reaching

25 µm, however, 500 GHz in all scenarios worsens significantly after Ra = 10 µm.

Another conclusion from the simulations is that the larger spacing between roughness

peaks also increases phase variation in the quiet zone. Thus, for fabrication purposes, it

is desired to minimize average roughness and also the spacing between peaks. The perti-

nent frequency band for this project is Ka-band, so the simulation proves surface roughness

is not an extreme issue for this spectrum. These simulations also prove that the reflector

should be able to operate well into the sub-terahertz band since a smooth surface is priori-

tized in fabrication.
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(a)

(b)

(c)

Figure 3.17: Quiet zone phase variation for reflectors across surface roughness for various
frequencies 100 through 500 GHz and with ns values of 250 µm, 500 µm, and 1000 µm.
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With these guiding parameters, many fabrication processes were analyzed for their re-

sulting surface roughness. First, a sample kit with metal samples that were created with

various average roughness values and different machining methods (turning, grinding, etc)

was measured with both an Atomic Force Microscope and a high-accuracy profilometer,

both capable of measuring surface resolution on the order of nanometers (<5 nm and 0.01

nm, respectively.)

Multiple 3D printed samples were created to compare to the machined samples. Sam-

ples of PLA, ABS, and resin were printed from Bambu and Form 3 printers. While the 3D

printed sample may be acceptable on its own, it must also have an acceptable roughness

when applying the metal (reflective) coat. Silver paint, copper plating, and copper tape are

explored as potential options, and their roughness is measured. Figure 3.18 showcases the

samples created from the different materials. The samples were sanded with a grit of up to

2000 before any treatments were applied. ABS can also be ‘sanded’ with acetone fumes to

smooth the surface; this is one of the samples included to be measured.

The measurements in Figure 3.18 showcase that even the untreated samples had fairly

acceptable levels of surface roughness, especially the resin printed sample. In all cases,

unsurprisingly, sanding lowered the roughness. The images in Figure 3.19 as taken by the

AFM machine of the resin sample before and after being sanded portray the significant

difference sanding makes. The silver paint had the highest surface roughness across the

board, but this could also be due to the application process of the paint on these specific

samples. At the time no aerosol paint gun was available, so the samples were hand-painted

with a brush, likely worsening the roughness. The acetone fumes as an alternative ‘sanding’

method for the ABS sample improved from the original print but did not perform better

than traditional sanding. The copper-plated samples fared very well, boasting low surface

roughness in all three cases. The copper tape was also shown to be a viable option with

high smoothness.
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Figure 3.18: Various 3D printed samples, treated and untreated, and their average rough-
ness as measured by the profilometer.

(a) (b)

Figure 3.19: Microscopic image from AFM of Form 3 resin printed surface (a) before and
(b) after sanding by hand with a grit of up to 2000.

Although the resin samples boasted the best and smoothest surfaces, due to the limited

size of the resin printers available, ultimately PLA was selected to use for the reflector

print. Because PLA is the material chosen for fabrication, Figure 3.20 displays the surface
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roughness measurements of the PLA samples in more detail. It can be seen that the un-

treated sample retains the lines of the printer extruder building it row by row. The sanded

sample eradicates this pattern, but small pockets remain. The silver paint does not have an

even coat, with small but noticeable splotches. Again, better application of the paint could

be a solution. The copper plating is relatively even across the sample and the copper tape

is even more so, except for a bump that is probably an imperfection in the application.

(a) (b)

(c) (d)

(e)

Figure 3.20: Microscopic height images (0.1 in x 0.15 in) from profilometer of PLA printed
surfaces (a) untouched (b) sanded by hand with a grit of up to 2000 (c) sanded and coated
with silver paint (d) sanded and copper plated and (e) sanded and covered with copper tape.
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3.3.1 Ruze Equation

The effects the surface roughness has on the gain of a system can be quantified. Ruze

[59] pioneered much of this work as early as the 1950’s recognizing that the surface tol-

erance of an antenna has a crucial influence on its performance, but it is today more than

ever that the surface tolerance of our systems needs to be understood as boundaries are be-

ing pushed into higher frequency spectrums with increased sensitivity to roughness [59]–

[63]. This analysis is an important piece in identifying the upper limit in which our system

can perform. This section will explain how the gain loss of the CATR due to the reflector

roughness can be estimated and will provide mathematical examples confirmed with simu-

lations. The main parameters, as discussed in the previous section, are the peak and average

roughness values, which will now be denoted as ϵp and ϵrms, and the spacing between the

roughness peaks ns. For our purposes, and aligning with how TICRA GRASP computes

their simulations, the RMS value can be derived from the peak roughness value as

ϵrms = 0.47ϵp. (3.60)

This is found via a cubic interpolation and is a satisfactory estimate for our purposes. The

ns value describes the rate of change of the surface roughness. In his examinations of

reflector antennas, Ruze [62] based his equations on a concept of a correlation region with

diameter “2c” outside of which the correlation is zero. In summary for this analysis to be

accurate, if an autocorrelation function of the surface were to be obtained, the total width

of that autocorrelation function must be a certain amount before tapering to zero. The

general rule of thumb is that these equations apply when the autocorrelation function of

the surface roughness of an area that, when plotted, tapers to zero after a length of at least

2λ. See [58] and [62] for a more in-depth explanation of this requirement. Ruze derives a
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formula to estimate the peak gain reduction for a planar wave incident on a surface with a

random distortion of 2c ≥ λ. The derivation is beyond the scope of this work, however, the

resulting formula is

P = e−( 4πϵrms
λ

)2 , for 2c ≥ λ (3.61)

where δrms is the root mean square of the aperture error described as

δrms = (1 + cosψf )ϵrms. (3.62)

Figure 3.21 displays the aperture distortion along the reflector’s aperture plane. For a given

ϵrms of a reflector and a feed pointed to it at an angle of ψf , the aperture distortion RMS

value δrms can be calculated. All of these variables play a role in the loss of gain in the

system.

Figure 3.21: Distortion in the aperture plane induced by surface distortion.

Let’s explore the loss in gain for a reflector of various surface roughnesses. Eq. (3.61),

which describes the peak gain reduction for a planar wave incident on a reflector, is em-

ployed and compared to simulation results.
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Table 3.6: Ruze gain loss calculations

Gain loss calculations for 500 GHz and ns of 1.2 mm

ϵp (µm/mm) ϵrms (µm/mm) δrms (λ) Calculated Loss (dB) Simulated Loss (dB)

6.8 / 0.0068 3.2 / 0.0032 0.009 0.020 0

13.4 / 0.013 6.3 / 0.0063 0.017 0.076 0

26.6 / 0.027 12.5 / 0.0125 0.034 0.299 0.329

40 / 0.040 19 / 0.019 0.052 0.673 0.693

60 / 0.060 28.2 / 0.028 0.077 1.515 1.154

80 / 0.080 38 / 0.038 0.116 2.693 1.978

100 / 0.100 47 / 0.047 0.129 3.409 2.762

Figure 3.22: Calculated and simulated loss in gain due to reflector roughness.
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The RMS roughness is varied from 3.2 to 47 µm and the aperture distortion (δrms) is

calculated, along with the loss of gain on the system. For this scenario, a frequency of 500

GHz is selected and the ns spacing value is set to 1.2 mm. The feed is angled at 50 degrees.

Table 3.6 relays the calculated and simulated results. Figure 3.22 portrays the comparison

graphically.

As expected, as the surface roughness increases, the distortion in the aperture plane rises

and the gain is reduced. The calculated and simulated values align fairly well but deviate

more as the roughness increases. One explanation may be that the calculated values are

the maximum loss of gain in the system expected, so the loss is greater than seen in some

simulations. It is also accepted that Ruze’s formulas are most accurate when the aperture

error δrms < 0.1λ [58]. This is a healthy exercise to gain intuition on the reflector roughness

impact on the system gain. It would not be unusual to observe a loss of more than 2 dB if

the roughness is not considered a factor in the design process.

3.4 Reflector Fabrication

The previous sections show that 3D printed samples can meet the surface roughness

requirements for fairly high frequencies. This allows for the green light to undergo the

additive manufacturing process using PLA and to apply copper tape to add the reflectivity

element.

Figure 3.23 illustrates the techniques employed to elevate the surface smoothness of the

initial 3D printed components. Unfortunately, the ideal reflector size was too large to fit

into the available working 3D printers at the time of the print. The largest reliable printer

at the time was the Bambu Lab X1-Carbon printer with a maximum build size of 25.6 cm x

25.6 cm x 25.6 cm. To overcome this, the reflector was printed into four pieces. Different

interlocking methods, such as the dovetail, were experimented with on a smaller scale. The
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final print implemented a sliding technique, with an extra fixture printed that could slide

onto the backing and hold all the pieces together.

Figure 3.23: Fabrication process from initial 3D prints to silver coated reflector.
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Epoxy was used to adhere the pieces together and once it had dried, the extra fixture

holding the quarters in place was removed. The excess epoxy was sanded down and then

Bondo was used to fill the few small gaps that remained at the intersection points where the

edges didn’t meet exactly. The reflector was sanded down including the excess Bondo. The

reflector was sanded extensively, starting with a grit of 400 and graduating to 800, 1000,

1200, 1500, and 2000. At this point, a light coat of spray paint was added. After drying

for 24 hours, the reflector was sanded again with fine sandpaper (grits of 2000, 3000, and

5000). This was repeated four times for a total of four paint coats. After the sanding and

finishing, the silver paint could be added.

Similarly, a second reflector was created. The main difference is that the much larger

Vivedino T-Rex 3 printer was used to print this copy, meaning it could be printed in one

piece. The product employed Bondo to correct a few irregularities in the print and was

sanded as extensively as the original. Finally, the copper tape was carefully added as seen

in Figure 3.24.

Figure 3.24: Second 3D printed reflector in the process of being coated with copper tape.
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3.5 Summary

In summary, this chapter outlined the beginning process and considerations for design-

ing an offset parabolic reflector. Then it highlighted the process to add blended edges in

both 2D and 3D. For the 3D design procedure, various considerations are discussed such as

the blending options, the radius of curvature requirements, and the junction shape between

the parabolic section and the blended edges. With respect to these discussions, a Ka-band

blended edge reflector design is proposed. The main indicator of a well-designed blended

rolled edge that sets it apart from the elliptical rolled edge is the difference in the radius

of curvature when transitioning from the parabolic portion to the rolled edge portion of the

reflector. This discontinuity is parameterized by the value ϵn. An ϵn value closer to zero

indicates that the transition between the parabola and rolled edge is ideal. After applying a

cosine-blended edge the reflector has an average ϵn of 0.653. The final size of the reflector

is 38.12 cm x 39.91 xm x 18.22 cm.

Once the design is finalized, it is important to determine how to manufacture it and un-

derstand the potential limitations. This thesis proposes a creative and convenient solution to

3D print the reflector. However, it is understood that high frequencies face the challenge of

increased sensitivity to surface roughness. Many simulations were performed to establish

the frequency limitations for different surface roughnesses on the reflector. Frequencies of

up to 200 GHz can tolerate an average surface roughness of 25 µm and maintain a theo-

retical phase variation of less than 5 degrees. It was discovered that average roughness is

one parameter to consider, but another limiting factor is the space between the roughness

peaks, ns. The 200 GHz upper bound applies when ns is less than 1000 µm.

Once the simulations highlighted the upper frequency bound, 3D printed samples were

analyzed and their surface roughness was measured. The measurements, when compared to

simulations, show that 3D printing the reflector is a valid option for fairly high frequencies.
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All materials (PLA, ABS, and resin) meet the average surface roughness constraints when

untreated, straight off the print build plate. Sanding is proven to have a significant impact

on improving the surface smoothness further, achieving an average roughness of less than

1 µm for the resin and PLA samples. Adding silver paint, copper plating, or copper tape

all satisfy the requirements with copper plating and tape as the best options (< 1 µm of

average roughness on all samples.)

With this confirmation, the reflector was fabricated. The fabrication process is demon-

strated and the final reflector is depicted. With the realized reflector, the next step is to

employ it in a measurement system to gather measurements. Chapter 4 outlines the other

components of the system (VNA, positioners, etc) and Chapter 5 presents the measure-

ments.
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Chapter 4

Proposed System

This thesis mainly aims to understand, design, and implement the CATR reflector as the

centerpiece of CATR systems and introduce a novel form of fabrication. Due to already-

in-place Ka-band and W-band scanning systems available for use, it was unnecessary to

reinvent the wheel by creating a new system. Rather, the existing in-place systems were

analyzed to ensure their suitable capability, and modified to account for the reflector and

new accompanying requirements. In the mmWave region, it is imperative that the system

as a whole can perform accurate and repeatable measurements. For this reason, this chap-

ter will outline the other critical pieces of the CATR system. This will allow a complete

understanding of how the results, presented in Chapter 5, are yielded.

The scanning system consists of various positioners to situate the necessary compo-

nents, such as the feed antenna, probe, and reflector. The scanner has a total of 4 inde-

pendent controllers, 2 of them are linear positioners, 1 of them a rotary table, and, the last

one, is a 6-axis arm robot. The first linear positioner moves the FE with the AUT or probe

in the y-axis and the second linear positioner moves the FE with the AUT or probe in the

z-axis. Combined, these two linear positioners form an inverted T-positioner, common in

antenna measurement setups. The frequency extender is placed with the AUT or probe to

minimize any RF cable movement that may strain the cables, and lead to degradation over

time or worsened measurement results. The rotary table enables the polarization rotation
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(0 - 360 degrees) of the antenna probe, allowing easy accommodation to measure co- and

cross-measurements of E-, D-, and H-planes. The reflector is mounted on a robot arm that

has 6 degrees of freedom. The reflector is mounted with a 3D-printed fixture that attaches

to the robot hand. The feed antenna illuminating the reflector is positioned by a mount with

an adjustable angle bracket.

The appropriate RF cables and frequency extenders are attached to the antennas and to

the VNA for measurements. With the exception of the robot arm, these components are all

controlled via a MATLAB interface to dictate the appropriate positions as well as the FE

and VNA settings (frequency, number of points, etc).

The assembly of these components, similar to as shown in Figure 4.1, allows for high-

accuracy and repeatability of measurements. The following sections will outline the fea-

tures of each component.

Figure 4.1: Similar mmWave metrology system that inspired the arrangement of the current
system [64].
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4.1 Vector Network Analyzer and Frequency Extenders

For Ka-band measurements, the Copper Mountain S5243 2-Port network analyzer was

selected that can operate from 10 MHz to 44 GHz. The additional CobaltFx frequency

extenders provide operation from 75 GHz to 110 GHz. The use of both these components

ensures the system can adequately measure s-parameters (from which phase and amplitude

can be extracted) in Ka-band and W-band frequency spectrums.

The accuracy of the CMT S5243 VNA, as well as the flexibility in frequency and time

domain measurements, and overall high-performing specifications, makes it a recommend-

able tool. The S5243 VNA is in Copper Mountain’s line of compact VNAs, meaning it is of

much smaller size and weight than many VNAs but with minimal impact to performance.

VNAs can be costly machines due to the required precision. VNAs that cover larger and

higher frequency ranges can be especially costly and sensitive. For this reason, frequency

extenders are employed to expand the measurable frequency range from Ka-band up to

W-band. The CobaltFx FE system has been proven to be a versatile and cost-effective tool

for precise metrology measurements with repeatable results. Fast sweep speeds down to 10

µsec per point and a dynamic range of up to 110 dB, combined with a compact USB form

factor, make it an ideal RF instrument for this system. Table 4.1 characterizes a few of the

Table 4.1: Instrumentation specifications as gathered from [65] and [66]

Parameters VNA (CMT S5243) FE (CobaltFx FEV-10)
Freq. operation 10 MHz - 44 GHz 75 GHz - 110 GHz

Test Pout -50 dBm to 0 dBm 0 dBm to 5 dBm
Dynamic range >135 dB 110 dB
AC/DC power 110-240 V (60 Hz) 6 V at 2.2 A

Weight 5 kg 3-5 kg
Temp. operation 5-40◦ C 0-30◦ C
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specifications for each hardware component. The accuracy of a CATR system’s measure-

ments is largely limited by the equipment responsible for collecting those measurements,

so it is crucial to start with strong and reliable VNAs and FEs as the basis.

4.2 Positioners

The VNA and FEs are important for determining the accuracy of the s-parameter mea-

surements that can be taken, but it is equally important that the positioners present the same

level of precision. If the positioners are off by a few millimeters, especially in the mmWave

frequency spectrum, the VNA is measuring what one can consider to be near-useless data.

As has been reiterated many times, higher frequency levels require increased accuracy and

precision. For this system, the main positioners include the VELMEX bisliders, VELMEX

rotary table, and the Universal Robot 3 (UR3).

The motorized bisliders have a repeatability of 0.005 mm and a straight line accuracy

of 0.076 mm across the entire travel distance of 560 cm, making it a promising option for

the applicable frequency spectrum. The VELMEX bisliders are also convenient due to their

modular design, making them highly configurable for different setups. This easy configura-

bility allows for the inverted T-positioning setup rigged for this system. The bisliders are

capable of carrying up to 300 lbs. horizontally and 100 lbs. vertically, which is more than

sufficient for the relevant load of the frequency extender, AUT/probe, and any applicable

fixtures [67].

The VELMEX rotary table offers performance of a similar caliber, featuring ultra-

precision and durability. The rotary tables have a load capacity of up to 200 lbs. hori-

zontally and 25 lbs. vertically. They are also easy to integrate with the bisliders in an array

of configurations for utmost flexibility [67].

Both the VELMEX bisliders and rotary tables can be controlled with the VXM step-
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per motor controller. These motor controllers govern the performance of the positioners

and allow for simple and precise positioning of the slides and tables. The VXM is given

commands by MATLAB via a serial communication protocol, which is a reliable and stead-

fast method. Rather than introducing uncertainty by manually moving the rotary table, the

VXM allows for the rotary table to be moved in as small as 0.0125 degree motorized steps

[67].

The UR3, 6-axis robot arm, is another helpful component. While the VELMEX system

is responsible for positioning the probe, the UR3 aligns the reflector. The six degrees of

freedom include the base, the shoulder, the elbow, and the three wrist joints. This allows

utmost flexibility when positioning the reflector and the feed antenna. The UR3 boasts a

repeatability of 0.1 mm and a reach of 50 cm. Like the VELMEX positioners it can also be

controlled via MATLAB, although through a TCP/IP communication protocol. While the

rest of the scanning system has centralized control with a master MATLAB interface, the

UR3 was an added feature for the purposes of the CATR system. Recall that the majority

of this system was already in place and is slightly modified to account for the CATR needs.

Though the UR3 is not integrated into the main system software, it is still possible to

program the robot’s position and movement, or to simply use the touchscreen interface

provided to control the robot. The maximum payload is 3 kg (6.6 lbs) which is not exceeded

with the 3D-printed reflector and additional fixtures. The typical power consumption is

125 W [68]. Figure 4.2 highlights the robot and provides a visual for the numerous axes of

freedom.
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Figure 4.2: Universal Robots 3 (UR3) positioning tool [68].

One of the reasons the UR3 is a useful tool is due to the calibration needs of the system.

Calibrating the reflector position and ensuring everything is aligned is a time-consuming

and difficult process. The UR3 conveniently allows for control over aligning the reflector

along each axis and in tilting different directions.

4.3 Feed antenna

The trade-offs and advantages of different feeding probes have already been discussed

in Section 2.2.4, concluding that a corrugated conical horn antenna would be best for many

scenarios. However, due to the Ka-band scanning system already being in place, the CATR

system utilizes an already-available antenna. The feed antenna available is the Narda-ATM

Ka-band standard gain horn antenna. This antenna was simulated in HFSS and the resulting

antenna pattern, gain, and return loss are highlighted in Figure 4.4.
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Figure 4.3: ATM Ka-band standard gain horn antenna.

(a) (b)

Figure 4.4: ATM standard gain horn (a) antenna pattern at 33 GHz and (b) gain and return
loss over frequency.

The HPBW is 18.2 degrees. The subtended angle of the parabolic portion of the final

reflector design is 26.5 degrees. The beamwidth taper extended from the azimuth angle

of -13.25 degrees to +13.25 degrees is 6.6 dB. For this system, it would be best to have

a constant amplitude taper pattern across the parabolic section of the reflector because the

blended edges on the reflector ensures it is not as susceptible to edge diffractions from

spillover. So, while this antenna is slightly more directive than ideal, it is still more than

acceptable to use as the feed antenna.
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4.4 Probe Antenna

The Ka-band antenna placed in the quiet zone of the system is Microwave Vision

Group’s (MVG’s) pyramidal horn antenna model number SGH2650. This singularly po-

larized horn antenna operates from 26.5 to 40 GHz with a gain of 24.7 dB at the center

frequency. According to the datasheet, the VSWR is quite low at less than 1.4 (-15 dB) and

the cross-polarization discrimination is excellent at > 40 dB [69]. This antenna is selected

as the probe instead of an open-ended waveguide because the waveguide was hypothesized

to have too broad of a beamwidth that might capture spurious signals outside of that which

is coming from the reflector.

Figure 4.5: MVG Standard Gain Horn Antenna.

4.5 Other Components

The remaining components include the rotary joint, RF cables, cable tracks, and ab-

sorbers.

The rotary joint is important to allow for seamless movement and revolutions of the

necessary equipment, such as the antennas, without twisting the RF cables. A single chan-

nel rotary joint (of I-style connection) with a frequency range of DC to 50 GHz is utilized.
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Like most things, the rotary joint offers better performance at the lower end of it’s fre-

quency span. At the far end, up to 50 GHz, the rated power is 3W, the maximum VSWR is

1.7 (0.2 deviation during rotation), and the loss is 0.9 dB. Thus, it still maintains relatively

good parameters through and past Ka-band. Also note that the maximum phase deviation

during maximum rotation is 2 degrees. Overall, this is by far the best option found on the

market for this frequency range and at a reasonable price.

Another common point of loss in the link budget is the RF cables. 2.92 mm RF cables

from Mini Circuits are utilized with a typical loss of 2.2 dB throughout, which is relatively

common and acceptable. A high gain, although important, is not the main objective of

this CATR system which is focused on generating a ripple-free QZ. The RF cables em-

ployed work comfortably up to 34 GHz, meaning they are currently the limiting factor in

measuring the entirety of Ka-band.

Concerning the absorbers, ideally the wall behind a serrated edge reflector may be

treated with a shorter absorber, usually λ/2 in thickness, and it only needs to cover the

regions of the wall that are not obscured by the reflector body. For rolled edge reflectors,

the entire wall should be fully treated with an absorber [35]. For a compact range, this is the

most critical wall and therefore should have the lowest reflectivity [35]. Unfortunately, the

current setup of the system is in a large room and the back of the reflector is not oriented

against a wall so it is difficult to arrange absorbers there. However, there are walls of

absorbers on the opposite side, behind the AUT. There are also absorbers placed on the

sides of the system.

4.6 Summary

Previous chapters focused solely on the reflector but more pieces are needed to obtain

measurements. This chapter highlights the other components of the CATR system, with-
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out which the reflector would be useless. The other instruments operate comfortably in

the mmWave spectrum, starting at Ka-band, except the RF cables which operate up to 34

GHz. The VNA and FE’s are selected to ensure precise and adequate measurements can be

gathered. The available antennas are acceptable choices for this system. The positioners

such as the UR3 allow for generous flexibility in aligning the components which is helpful

in calibration. Other components meet the system specs as needed. Figure 4.6 displays

the components all assembled. Now that the system specifications have been outlined, the

following chapter presents the results yielded by this system.

Figure 4.6: Ka-band CATR system.
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Chapter 5

Tests and Validation

With the reflector designed and fabricated and the CATR system in place, measurements

can be obtained. The CATR components can operate in Ka-band from 26.5 GHz to 34 GHz.

Based on the surface roughness analysis completed in Chapter 3, in theory, the reflector can

operate in Ka-band and up to W-band well. This chapter includes measured results in the

Ka-band spectrum to prove the validity of the reflector. Two versions of the reflector were

produced, one carefully covered in copper tape and the other coated with silver paint by a

professional automotive finisher. Both are presented and compared.

5.1 Copper Taped Reflector Measurements

The copper taped reflector was measured to have a resistance of 0.2 ohms, meaning

it is highly conductive and reflective. The probe scanned a grid covering the entirety of

the reflector (20 cm x 20 cm) at 80 cm away from the reflector. Figure 5.1 displays the

scanning area of the following measurements and the size of the QZ (12 cm x 10 cm)

within the scanned area. The QZ size aligns with the size of the parabolic portion outlined

in the design process in Section 3.2.2.
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Figure 5.1: Visual of total scan size compared to expected quiet zone size overlayed on the
reflector as a guide for the following figures.

Figure 5.2 displays the magnitude and phase of the entire reflector as seen 80 cm away

for various frequencies. Figure 5.3 depicts the ‘zoomed in’ data, featuring the results from

the QZ alone. Although the reflector and feed were aligned well, the probe scanned at a

slight offset, so the QZ is not directly in the center of the data plots. The plots in Figure 5.3

reflect the actual location of the QZ and confirm that it maintains the 12 cm x 10 cm size.

These figures reveal ample consistency of the magnitude and phase in the QZ.

Recall from Section 2.1.3 which outlined the IEEE QZ specifications that the ideal

magnitude variation along a cut plane is < 0.25 dB and the phase variation is < 11.25

degrees. Although it is often common practice to lessen the magnitude requirements to less

than 1 dB variation and, technically, standard far-field requirements achieve 22.5 degrees.

The proposed goal was < 11.25 degree phase variation and < 1 dB magnitude variation.
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Figure 5.2: Measured magnitude and phase grids with copper taped reflector.
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Figure 5.3: Measured magnitude and phase grids of quiet zone (12 cm x 10 cm) with copper
taped reflector.

Since antennas are often measured in cuts, it is important the x− and y− cut planes

demonstrate consistent phase. Figure 5.4 expresses the phase of the cut planes in the center

of the QZ for the measured frequency range. It is confirmed that the phase is successfully

stable. Figure 5.5 depicts the calculated variation of the cuts seen in Figure 5.4 across the
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frequency spectrum. The ideal variation requirements are plotted for comparison. It can

be seen that both the x− and y− cuts exceed the ideal goal of phase variation under 11.25

degrees. The average phase variation across all the plotted data points is an exceptional

2.28 degrees in the x−axis and 7.58 degrees in the y−axis.

(a) (b)

Figure 5.4: Quiet zone phase cuts of copper reflector in (a) x− and (b) y− planes.

(a) (b)

Figure 5.5: Variation of phase over frequency for phase cuts viewed in Figure 5.4 for (a)
x− and (b) y− planes.

A similar analysis is performed for the cut planes of the magnitude. Figure 5.6 exhibits

the magnitude of x− and y−cuts for each frequency point. Following this visual, Figure 5.7

presents the variation of the second-degree polynomial fit, as is the recommended technique

by IEEE standards for antenna measurements [35].
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(a) (b)

Figure 5.6: Quiet zone magnitude cuts of copper reflector in (a) x− and (b) y− planes.

(a) (b)

Figure 5.7: Variation of magnitude over frequency for magnitude cuts viewed in Figure 5.6
for (a) x− and (b) y− planes.

It can be seen that the magnitude is relatively consistent across the QZ, and surpasses

the requirements in the x−cut. The full-size y− cut does not quite meet the desired re-

quirements. The average magnitude variation across the measured frequencies is 0.74 dB

and 1.72 dB in the x− and y− cuts, respectively. Trimming the QZ size in the y−plane

allows for smaller, better variation. A size of 10 cm yielded a taper of 1.72 dB, then 9.5 cm

yielded 1.25 dB, 9 cm yielded 0.9 dB, and 8 cm yielded 0.47 dB. In this way, the QZ size

is a tradeoff that can be sacrificed for best performance.

It is probable that a feed antenna with a broader beamwidth would more evenly illu-

109



minate the reflector and allow for better magnitude variation. It has been concluded in

Section 2.2.5, which explored the effect of feed antennas with different beamwidths, that

it is difficult to achieve minimal variation in both magnitude and phase. The reason is that

a feed with a wider beamwidth covers a larger area of the reflector with even contact and

allows for a larger QZ with stable magnitude. However, the wider beamwidth infringes on

the reflector rim and introduces additional edge diffractions that are more likely to disrupt

the phase. However, that case study was for a reflector without edge treatments such as a

blended rolled edge. Thus, it is safe to say that in this instance, swapping the feed antenna

for one with a wider beamwidth would not cause as severe a tradeoff in the phase. So, one

solution to resolve the slight error in magnitude variation would be using a different feed

antenna.

Another possible explanation could be slight imperfections in the calibration of the sys-

tem. It was found that tilting the reflector by merely 0.05 degrees resulted in a phase change

in the QZ of 10 degrees. A slight offset in alignment can have significant repercussions on

the serenity of the QZ. While the UR3 is an outstanding and convenient tool, it does not

have the precision that professionally made CATRs possess.

It should also be mentioned that there are minor imperfections in the applications of

copper tape. For example, the seams between tape strips are unavoidable and can reason-

ably cause shortcomings in the QZ perfection. Minor bumps and ridges were also inevitable

inside the strips of tape. Chapter 3 demonstrated the smoothness of a small sample of cop-

per tape on a flat surface, but a larger curved surface is bound to introduce some issues.

Thus, while favorable results were achieved with the copper-taped reflector, there is

room for improvement to realize an even better QZ.

The following section dissects the measurements captured with the silver painted re-

flector for comparison purposes.
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5.2 Silver Painted Reflector Measurements

The silver paint was measured to have a resistance of 1 ohm, which is comparable to

the copper tape. Figure 5.8 displays the magnitude and phase of the entire reflector as seen

80 cm away for various frequencies. Figure 5.9 presents the results from the QZ alone.

Figure 5.8: Measured magnitude and phase grids with silver painted reflector.
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Figure 5.9: Measured magnitude and phase grids of quiet zone (12 cm x 10 cm) with silver
painted reflector.

At first glance, compared to the copper taped reflector it can be seen that the QZ is not

as crisp. The magnitude is also about 20 dB lower than what was seen with the copper

reflector. The epoxy that the silver reflector is coated with is potentially dissipating some

of the energy and limiting the reflectivity. Overall, across the QZ a relative consistency is
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seen to be maintained.

As presented for the copper taped reflector, the silver painted reflector’s phase and

magnitude of the x− and y− cuts are shown in Figure 5.10, and the variation of each is

calculated in Figure 5.11.

(a) (b)

Figure 5.10: Quiet zone phase cuts of silver reflector in (a) x− and (b) y− planes.

(a) (b)

Figure 5.11: Variation of phase over frequency for phase cuts viewed in Figure 5.10 for (a)
x− and (b) y− planes.

It is seen that the x−cut has favorable results at 29 GHz and above. The y−cuts are best

for 29 GHz - 31 GHz, although only the standard far field requirement of 22.5 degrees is

met. The average phase variation is 13.52 degrees in x− and 36.56 degrees in the y−plane.

Figures 5.12 and 5.13 demonstrate this analysis for the magnitude results.
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(a) (b)

Figure 5.12: Quiet zone magnitude cuts of silver reflector in (a) x− and (b) y− planes.

(a) (b)

Figure 5.13: Variation of magnitude over frequency for magnitude cuts viewed in Figure
5.10 for (a) x− and (b) y− planes.

The magnitude variation for both planes is promising with an average variation of 1.03

dB and 0.85 dB in x− and y−, respectively.

As stated in the previous section, imperfections could be due to limitations in the cal-

ibration equipment or blemishes in the surface, and overall improvements might be seen

with a different feed antenna. It is also possible that the phase results are not as favorable

as seen in the copper reflector due to the reduction in magnitude. As the noise floor is ap-

proached, the phase becomes more erratic. This could be easily overcome with the use of

an amplifier. Another reason this reflector might not have as pure of phase is that this one
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was printed in four pieces and then assembled. This means that the parabolic shape might

not be as exact as needed or as accurate as seen with the copper reflector which was printed

in one piece.

5.3 Summary

It is established that an excellent QZ can be achieved with the current 3D-printed reflec-

tor design. The data is presented extensively in this chapter, but Table 5.1 summarizes the

QZ results for each reflector. The copper reflector outperforms the silver in most aspects.

Despite possible modifications, it is shown that the reflector design does perform well and

surpasses many expectations. This means that the design process of the blended edges in

Chapter 3 is demonstrated to be reasonable and that the fabrication process of 3D printing

is a valid method for Ka-band measurements. Chapter 6 considers the previous chapters

and the results of this chapter to present the conclusion of this work.

Table 5.1: Average QZ phase and magnitude variation across the measured frequency spec-
trum for each reflector. The QZ is 12 cm x 10 cm.

Reflector Cut Plane Magnitude variation Phase variation

Copper
x− 0.74 dB 2.28 degrees

y− 1.71 dB 7.58 degrees

Silver
x− 1.03 dB 13.52 degrees

y− 0.85 dB 36.56 degreees
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Chapter 6

Conclusion

6.1 Summary of Work

The goal of this thesis was to design, develop, and test an additive-manufactured re-

flector for a high-frequency compact antenna test range. Traditional methods for mmWave

antenna metrology require larger test facilities (far field ranges) or are more computation-

ally taxing (near field ranges). A CATR transforms a spherical wave into a plane wave with

all the benefits of far field ranges but at a shorter range. CATRs are advantageous over near

field systems because they do not require collecting a complete set of data over the test

antenna aperture to evaluate a single far-field pattern cut. This allows for rapid evaluation

of antenna performance. This project was embarked on for these reasons.

In this study the amplitude and phase quiet zone requirements of a compact antenna test

range were outlined as guidance for the end goal product. Chapter 2 proposed several case

studies illuminating the design considerations for different cases including, but not limited

to, the ideal feed antenna type and the optimal depth of the reflector dish.

The mathematical theory behind offset parabolic reflectors and rolled edges is signif-

icantly studied. Specifically blended edges are extensively explored and analytically ex-

plained. The design procedure is outlined step by step with multiple examples included.

The design procedure for the final constructed Ka-band reflector is explained including
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the total size constraints, minimum radius of curvature requirement, and junction contour

shape between the parabolic and blended sections.

Simulation and measured results are presented to prove that the proposal of an additive-

manufactured reflector is valid. The surface roughness study presented is unlike any seen

in current literature. TICRA GRASP simulations demonstrate the quiet zone variation and

gain reduction produced by surface roughness. It is shown that, in certain cases, a reflector’s

average surface roughness can be up to 25 µm and still operate up to 200 GHz with only a

2 degree increase in phase variation. Several 3D printed materials are examined to quantify

their surface roughness. Reflective materials are applied to the samples as is required for

a plastic 3D printed reflector to work, and the new surface roughness is scrutinized. With

the guiding parameters outlined by the simulations, it is found that the metallic-coated 3D

printed objects will operate well into the mmWave bands.

The creation of the reflector is described from birth to realization. First, general trade-

offs of the reflector are evaluated and considered, with electromagnetic theory and addi-

tional simulations. Second, understanding the mathematical requirements for the parabolic

reflectors, rolled edges, and blended edges to then producing a design with this analysis

and manufacturing constraints in mind is presented. Then once a design is finalized the

surface roughness constraints are defined and the 3D printing solution is confirmed. The

manufacturing process is described and the final reflectors are shown.

The rest of the CATR system is highlighted to provide context on how the reflector is

integrated into the system and to provide transparency on how the final results are obtained.

Chapter 5 presents the preliminary results as a culmination of this work which are analyzed

and explained. The final product produces a pure quiet zone with stable magnitude and

phase across it. One reflector achieved an average phase variation of 2.28 degrees and 7.58

degrees in the x− and y− cuts, respectively. This is well below the requirements of 11.25

degree variation.
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6.2 Contributions

The work presented in this thesis has contributed to the antenna metrology field in

several ways. One notable addition to current literature is the novel idea of implementing

an additive-manufactured reflector. This is a significant change from traditionally milled

metal reflectors. This alternative is substantially less expensive, more convenient, and less

wasteful. The 3D printer size limitation is overcome as a method is presented that prints the

reflector into sections and adheres them together. Multiple techniques to coat the reflector

with a metallic exterior are investigated and shown to be compelling options. The Ka-band

design itself is also worthy as new knowledge that can be helpful to others.

Another contribution to current literature is the quantification of the upper bound of

frequency for reflectors of different surface roughness. These guidelines proved helpful

with the design of the proposed Ka-band reflector and can be helpful to others undergoing

a similar process. This is an especially important contribution in the context of the ongo-

ing race towards higher frequencies. Industry and academia alike are propelling to higher

frequency spectrums and, thus, demanding the need to accurately and efficiently measure

mmWave instruments such as antennas. The surface roughness analysis of this work is not

only helpful to this project but can be utilized by others to construct high frequency CATRs

in other labs and facilities.

6.3 Future Work

The next step for the presented work would be testing upgrades for the system. Up-

grades include different antennas, more absorbers, and improved calibration and alignment

capabilities.

Alternative antennas can be investigated to decrease the magnitude variation in the QZ.
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From simulation results, it is expected that a less directive feed antenna can realize lower

magnitude ripples in the QZ. The literature explains that with the use of reflectors, it is im-

portant to situate absorbers behind the reflector. With the current setup, this is not doable.

The ideal setup would be housing the system inside a concealed chamber lined with ab-

sorbers, rather than in an open room. Another limitation of the current system is that the

current positioners of the system do not meet the precision that is seen in professionally

manufactured CATRs. This is likely introducing errors in the alignment and calibration

that is shown to significantly affect the purity of the QZ. Upgrading the UR3 to a different

instrument would allow for more control and better alignment. With system upgrades the

limitations of the reflector itself can be better determined.

Although the 3D printing method was effective for the currently manufactured reflec-

tors, the metallic coating strategies could be improved. Further analysis can be done to

improve the copper tape application, or perhaps one could explore copper foil as an op-

tion to eliminate seams. Copper plating was proven to have more than acceptable surface

roughness, but this was not tested on a full-body reflector in this thesis. A future rendition

of this project could copper plate the reflector instead of employing copper tape or silver

paint.

Lastly, and perhaps most importantly, future work could include testing the current

reflectors at higher frequencies. This work proves their validity up to 34 GHz, but system

modifications could allow them to be tested up to and beyond W-band.

Therefore, there is potential to build upon the already completed work and maximize

the capability of the reflector and system. Much of this venture has been completed and

been a success, but improvements can be made to achieve even more favorable results

available with this reflector design and at higher frequencies.
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