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ABSTRACT

In this thesis, a dual-purpose antenna chamber measurement system is presented. The
measurement system is an anechoic chamber where the near-fields or far-fields of an antenna
can be measured with the same equipment. A custom software was developed to perform
either type of measurement. This antenna chamber is a much more cost-effective solution
compared to conventional antenna chambers, where separate chambers are used for different
types of measurements. This thesis presents the developed software and hardware for a
custom-made chamber design that produces accurate results.

Both mechanical and software capabilities are introduced, but emphasis is put on the
development of the software capabilities throughout this thesis. Both theoretical, numerical,
and experimental analysis is introduced to verify the performance of the chamber. The
necessary methods to perform the near-field to far-field transformations are presented and
discussed in detail. A circular patch antenna is designed, simulated and tested to verify
the accuracy of the far fields measured in the chamber, and a broadband horn antenna is
measured to verify the accuracy of the near field measurements. The measured results for
these two types of antennas matched the expected results, verifying the accuracy of each
measurement, type. Lastly, an antenna array is tested using both far field and near field
systems, and the results from both measurement system were compared with each other.
Good agreement is obtained, but due to the physical limitations related to the equipment
used in the chamber and the size of the antenna some differences in the far field patterns

are observed.
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CHAPTER 1
INTRODUCTION

During the past century, there has been a massive increase in the development of
technologies that enabled users to transfer data wirelessly. Ranging from small scale
devices using Bluetooth or residential Wi-Fi devices, to satellite communications, they all
share the same physics to transmit and receive data. There is no end to the applications of
wireless communications, but among many, we currently use them for tasks such as data
transfer, system identi cation, or end-to-end communications [1]-[4]. Nowadays, wireless
communications facilitate users to exchange information between two points far apart,
allowing for a quick transfer of data between them. Due to their e ciency, wireless
communications can be found in industries ranging from commercial electronics, to defense
and aerospace [5],[6]. The main principle of operation for wireless communications consists
on the propagation of electromagnetic (EM) waves throughout space and detecting them
through the use of antennas. To understand how EM waves are processed into usable data,
one must understand rst that they are data carrier waves [7]-[9]. The EM waves from the
transmit antenna will induce a currents on a receiver antenna and data can be recorded by
capturing the frequency response of the voltage produced by the receiver antenna. So, to
both transmit and receive wireless data, the rst step is to have well designed transmitting
and receiving antenna architectures.

Antennas consist of a geometrical arrangement of conductive and dielectric material
where RF energy can radiate into a medium [10]-[14]. There are various common designs
used for antennas, including linear wire antennas, loop antennas, horn antennas, or
microstrip patch antennas, among many more [10]. These designs are well documented, so
fabricating common antenna designs is a straightforward task. However, there are
limitations to these designs, and if a customer requires an antenna to have certain
radiation characteristics, such as a speci c gain or speci ¢ polarization, more complicated

antenna con gurations are needed. Because of this, developed analytical models fall apart,



and those antennas must be analyzed via full-wave electromagnetic solvers, to ensure the
prediction of the proper radiation characteristics is what is expected. Once an antenna is
designed in a numerical solver, it is usually veri ed experimentally. Antenna measurements
show if the antenna radiates experimentally and if the measured results match with those
simulated. It is important that the antenna is fabricated properly, ensuring there are no
mechanical imperfections and all electrical connections have been made correctly, but it is
also equally important that the testing procedure is accurate and well developed.

Antenna testing procedures can vary greatly due to measurement region dimensions,
power handling, and other mechanical parameters of equipment used [15]. The most
common type of antenna measurement system is far eld chambers, where a spherical
distribution pattern of the antenna radiation at large distances is determined. Far eld
(FF) measurements provide gures of merit needed for the design of all other components
for a wireless communications device, such as gain, polarization, and area of coverage from
the radiated elds of the antenna. These measurements are typically performed in an
indoor anechoic chamber, where EM elds are absorbed into walls covered with absorbers,
replicating the e ect of an outdoor range, where the elds will propagate through space
without encountering any obstacles [16]. However, while FF measurements are the most
direct and straightforward method to obtain antenna parameters, it is often common to
nd complications when performing FF measurements due to the physical design of the
antenna. Typically, these complications come from the size of the antenna or the chamber
itself, since antenna parameters depend on the design frequency, which intrinsically
depends on the distance the antenna under test (AUT) is placed away from the source
tower (SRC). The solution for the proper size chamber for the AUT is resolved via a near
eld (NF) scanner system, where measurements are performed at a much closer distance to
the antenna. Since the measurements are performed at a much closer distance, then the
size of the chamber for this type of measurement is reduced. However, since the
measurements are performed at a much closer distance, the obtained results will be

di erent than those from FF measurements. These NF measurements can be used followed
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by a near- eld to far- eld (NF-FF) theoretical transformation, where the far elds can be
obtained [17]-[19]. This in turn provides most of the necessary parameters that FF
measurements provide. Often, NF scanners are an attractive measurement method due to
their compact size, while still providing the same level of accuracy as a FF measurement
system. However, they require a completely di erent setup, construction, and mechanical

procedures than a FF measurement system needs.

(a) Spherical Near Field System (b) Far Field System

Figure 1.1: Examples of di erent types of antenna scanning systems, courtesy of Near-Field
Systems Inc (NSI-MI) [20].

In this thesis, a hybrid FF and NF measurement system is proposed in the same anechoic
chamber for both FF and NF measurements using the same equipment. From literature,
this design is something that has not been introduced before in academia, and is rare to
nd in industry. If a company or institution wishes to do NF and FF measurements, they
typically have separate chambers to perform each type of measurement. The novelty of
the presented design is that having a hybrid, dual-purpose measurement chamber is a much
cheaper option than having two separate commercially designed chambers. The measurement
chamber proposed here has an estimated total cost of less thgO0k, whereas comparable
commercial FF and NF chambers combined can vary frol.5M to $10M. For this antenna
measurement chamber, the performance of each scanning method will be presented and

discussed. Currently, there is a FF scanning system available within our facilities, but
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it will be re-designed to improve the current user experience and expand the measurement
capabilities. The NF system will be developed from scratch, and a successful implementation
of both systems will consist of having the transformed NF measurements match with those
performed in a FF measurement setting. Various antennas will be tested to verify the
performance of this new system.
1.1 The Need for Antenna Measurements

Antenna measurements are crucial to see if a designed antenna operates properly and
to conrm that there is consistency between the simulated and measured results. In
antenna measurements, it is desired to obtain what is known as radiation patterns, or far
elds/far-zone radiated elds. Far eld measurements are the most direct way of obtaining
the radiation patterns of an antenna, but NF measurements can achieve the radiation
patterns as well, at a small cost of computational e ort. However, NF measurements are
generally preferred for antennas with a high gain, as it reduces the scanning space for
measurement greatly. This is because high gain antennas have a high concentration of
energy in a small area, so the scanning area needed to capture all of the pattern energy will
be less than that of a FF measurement. There are various ways of testing antennas for
both NF and FF measurements, and this section will cover the most commonly known
antenna measurement designs.
1.1.1 Far Field Measurements

As stated, FF measurements provide the radiation patterns of the antenna. Usually,
these types of measurements consist of having two towers, one for the AUT and one for the
SRC. The AUT has in general one to three mechanical degrees of freedom for the attached
antenna to perform angular rotations, which are used to record the spherical radiation
pattern distribution of it. The SRC typically has one mechanical degree of freedom for the
attached source antenna to rotate about its axis to adjust its polarization state. In this
thesis, the AUT tower used only has two degrees of freedom. The idea behind far eld

measurements is that the SRC antenna, typically a high gain wideband antenna, like a



horn antenna, will emit radiation towards the AUT that will be measured. By the
reciprocity theorem, the received eld values recorded by the AUT from the SRC antenna
will be the same as the far elds produced by the AUT [21]. To ensure that the far elds
are properly captured, the distance between the AUT and SRC towers must be greater
than a frequency dependent quantity, this is discussed more in detail in Section 1.3, and
mathematically in Section 5.1. For an experimental set up, the received signal from the
AUT relative to the applied signal to the SRC antenna is what is used to obtain the far
elds of the AUT.

The AUT must be rotated, recreating a sphere, where two degrees of freedom (DOF)
come into play: azimuth, and elevation. By recording the received signal of the AUT relative
to the signal applied to the SRC antenna at all angles, pattern cuts and 3D gures can be
constructed for the far elds. These routines are generally performed by varying the elevation
steps in a discrete manner, and varying the azimuthal steps in a continuous manner. It is
also common to vary both variables in a discrete manner for more accuracy, but comes with

the consequence of being more time-costly.

Figure 1.2: AUT tower visualization with azimuth and elevation parameters. Gray circular
pieces are angular rotators.

As for the SRC tower, typically a dual polarized antenna is used to generate di erent

polarizations to excite the AUT. The most common polarization states are horizontal and
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vertical polarizations. The most common type of source antennas, standard gain horns, can
come in either one polarization designs, or dual polarization designs. If one wishes to test
two polarization states with a singularly polarized horn antenna, a simple rotation about
its axis will provide either polarization. On the other hand, a dual-polarization antenna can
test two polarization states without making use of mechanical rotations. The polarization
states can be adjusted with an RF switch by redirecting the incoming signal to di erent
ports of the antenna. Standard gain horn antennas are generally broadband, and can cover

a wide range of frequencies.

(a) Single polarization horn. (b) Dual polarization horn.

Figure 1.3: Comparison between a dual polarization and single polarization horn antennas,
courtesy of A-INFO Inc [22].

There are various ways to perform a far eld measurement, but most commonly they
are performed in an anechoic chamber. Anechoic chambers are indoor testing ranges where
absorbers are placed to avoid having the EM waves re ect from the surrounding walls.
This in turn replicates the e ects of the EM waves propagating through free space.
Another less common, but widely used testing method is a reverberation chamber, where
instead of absorbing the EM waves, they are re ected at the walls of the chamber, which
are perfect electric conductors (PEC). Reverberation chambers, although less accurate, are
much cheaper, and still provide accurate enough results for the radiation pattern of an

antenna [23]. In this thesis, anechoic chamber measurements will be discussed.



The design and layout of any anechoic chamber is an important decision that engineers
consider when building [24]. The most common type of far eld anechoic chamber is a
rectangular chamber, where the walls are all uniform, and there is a direct path from the
SRC tower to the AUT tower. These types of measurements assume there is a far enough
distance between the SRC and AUT towers for the AUT to record the far elds emitted by

the SRC tower.

Figure 1.4: Sample rectangular anechoic chamber, courtesy of NSI-MI [20].

As the designs of antennas evolved throughout the years, new designs have appeared to
obtain the radiation patterns while reducing the size and cost as much as possible, such as
compact ranges and tapered ranges. Compact ranges are based on the idea that the SRC
antenna requires a long distance to have its wavefronts transform to plane waves, which
can cause an issue when radar cross section measurements (RCS) are needed. To achieve
this, a large re ector is typically placed on one of the walls of the chamber. The SRC
antenna radiates towards the re ector, and the re ected waves that reach the AUT tower
are plane waves [25]. Although compact ranges are most commonly used to perform RCS

measurements, far eld measurements can also be performed in them.



Figure 1.5: Compact range visualization and operation, courtesy of NSI-MI [20].

The last commonly used type of anechoic chamber for far elds is a tapered chamber.
This consists of having opening ares from the SRC tower to the AUT. Tapered chambers
help reduce the number of re ections present in the measurement, and provides a more
direct path for the SRC wavefronts to reach the AUT [26]. The choice of using this type of
anechoic chamber is that a high gain antenna must be used, due to the far distance between
the SRC and AUT towers. Although highly accurate, tapered chambers tend to occupy a

large amount of space and are costly [26].

Figure 1.6: Tapered range visualization and operation.

1.1.2 Near Field Measurements
Near eld measurements, compared to FF measurements, consist of recording the elds
at a much closer distance to the AUT. Far eld measurements are assuming there is a large

separation distance between the AUT and SRC towers, since radiated elds change patterns



depending on how far away an observation point is from the source. Due to measuring elds
far away from the SRC tower, the distance between the towers is a limiting factor for the size
of the chamber, which can make the fabrication of the chamber itself be complicated and
expensive. However, one can extract the far elds of an antenna with a NF measurement,
where the size of the chamber is much smaller than a FF measurement chamber. For FF
measurements, the procedure for a measurement consists on emitting radiation from the
SRC tower and capturing it with the AUT tower. However, for NF measurements, the AUT
tower emits radiation which is recorded with the SRC tower, which uses an open-ended
waveguide probe. There are other methods to obtain the near elds of an antenna, such
as electro-optic eld probes [27], but an open-ended waveguide probe is a popular choice
due to its linear polarization, which allows one to easily extract the Cartesian electric eld
components of the AUT.

There are three types of NF measurements: planar NF scanning (PNF), cylindrical
NF scanning (CNF), and spherical NF scanning (SNF). Each measurement type consists of
capturing elds in a scanning surface close to the AUT which can then be translated to the

far elds.

Figure 1.7: Three types of NF scanning.

Planar NF measurements require the use of two linear sliders that move the probe in a
rectangular fashion. The AUT remains stationary, while the probe moves through the

user-de ned points of measurement. The probe must also capture the principal, and cross



polarization components of the radiation from the AUT by performing the same

measurement with two di erent rotations of the probe along its axis.

Figure 1.8: Sample planar near eld scanner from NSI-MI [20].

Cylindrical near eld scanners on the other hand, capture the elds on a cylindrical
surface. There are two ways of performing a CNF scan: the AUT stays xed and the SRC
rotates around the AUT, which varies in height, or the AUT performs a rotation in azimuth
while the SRC varies in height. By having linear sliders and rotators for a FF system, all
mechanical systems for a PNF system can be used for a CNF system without needing to
purchase any new additional hardware. So, a CNF system can look like either example of
Figure 1.8, as long as there is an azimuth rotator for the AUT.

There are two ways of performing a SNF scan: the SRC moves in an arch-like manner
over and below the AUT while the AUT rotates, or the SRC tower stays still and all rotations
are performed by the AUT tower. ldeally, SNF scanners are chosen to behave like the rst
method described, since there is exibility of going around the antenna and measuring the
back pattern of the antenna. Regardless of this fact, making the AUT perform all movements

is also a valid way of performing a SNF scan.
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(a) Arch over antenna SNF. (b) Rotating AUT SNF.

Figure 1.9: Sample spherical near eld scanners, courtesy of NSI-MI [20].

Each NF scanning method has its advantages and disadvantages, and they are all
discussed in Chapter 5, Table 5.2. For this thesis, a PNF system is used, due to its
simplicity and implementation.

1.2 The Spherical Coordinate System

As was discussed in the previous sections, the goal of recording antenna measurements
is based on performing a measurement around a sphere, with the two DOF named azimuth
and elevation. The spherical coordinate system is a representation of a sphere described by
three variables: radial positionr, elevation position , and azimuth position . Visualized

in three dimensions (3D), the spherical representation of a volume is shown in Figure 1.10.

Figure 1.10: Spherical coordinate system.
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1.3 Characterization of Radiation Regions

The total elds radiated by an antenna heavily depend on the distance of the
observation point with respect to the AUT. When an antenna radiates, the full wave
distribution changes as the radius of the spherical observation point changes. Speci cally,
near the source of radiation, spherical wavefronts are the dominant type of waves
propagating [14]. Spherical wavefronts refer to the propagating waves radiated by an
antenna described by the spherical coordinate system. As the waves propagate further
throughout space, the dominant wavefronts change from spherical to planar, which can be
considered to be the far-zone region. This topic is addressed with more mathematical rigor

in Section 5.1.

Figure 1.11: Antenna radiation regions.

There are three di erent types of antenna radiating regions:

" Reactive near- eld region: These are the reactive elds that surround the antenna.

These elds are not used when performing antenna radiation measurements, but can
be used to measure phasor- eld distributions [28]. In this thesis the reactive near- eld

region will not be discussed.

~ Radiating near- eld (Fresnel) region: These are the radiating elds near the antenna,

which are between the far-zone radiated elds and the reactive near elds.
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Far eld (Fraunhofer) region: These are the elds seen in the far-zone region. These are

the elds that provide all the information about the antenna radiation characteristics.

These are the elds measured in a FF chamber.

The radiating regions of the antenna not only depend on the distance between the
observation point from the antenna, but also on the aperture size of the antenna and
frequency of operation. Again, this is shown with more mathematical rigor in Section 5.1.
1.4 Numerical Methods for Electromagnetic Problems

Antenna design is an electromagnetic problem, as the radiated elds are generated from
a geometrical arrangement that when excited with a source, produces said elds. Analytical
models have been developed for simple antennas, such as dipoles, loop antennas, or horn
antennas. However, when the characteristics of the desired antenna are very speci c, more
complex designs need to be adapted. Typically, custom-made antennas have such complex
geometries that analytical formulas can not be applied when trying to solve for their exact
elds radiated using Maxwell's equations. Additionally, the solution to Maxwell's equations
becomes a di cult problem to solve analytically when there are so many detailed conditions.
Thus, one must resort to numerical methods to solve Maxwell's equations for the geometry

of such problems, which are given by [12],

_ ™ .
r E= @t M ; (1.1a)
r H= %t+ J; (1.1b)
r E= o= ; (1.1¢)
r H=0; (1.1d)

whereE is the electric eld, H is the magnetic eld, is the permeability of the material
where the waves are propagating through, is the permittvity of the material where the
waves are travelling through,M is the magnetic current density vector, and is the electric
current density vector. Throughout this thesis, various antennas are discussed, where they

are each simulated, and some fabricated. They are each analyzed via numerical solvers to

13



con rm they operate as expected, before fabricating them. Two di erent types of numerical
solvers are used: a nite-di erence time-domain (FDTD) method program (CEMS), and the
commercially available numerical solver high frequency structure simulator (HFSS). Two

di erent numerical solvers are used to ensure that there is consistency between both results
for all antennas designed. This is especially seen in Section 5.2.1, where HFSS is used to
extract the near elds of the antenna shown, but to check if the HFSS results are correct
they are compared with those obtained from the FDTD method [29]. The basics of each
numerical solver will be discussed, to give an idea on how the radiated elds of a designed
antenna are obtained.

1.4.1 The Finite Di erence Time Domain Method

The FDTD method is a numerical solving technique, where the problem is represented
in a grid, and the elds are solved at each of the nodes of the gridded domain, via
Maxwell's equations [29]-[31]. The FDTD method can be used in Cartesian, cylindrical, or
spherical coordinates. The most common choice of FDTD method is via the Cartesian
coordinate system, due to the simple computations performed in the algorithm, compared
to cylindrical or spherical FDTD methods. Cartesian FDTD programs can be seen in
commercially available software like XFDTD [32] or computer simulation technology
(CST) [33].

The foundation of the FDTD method lies on the discretization of Maxwell's equations
using the second-order accurate nite-di erence approximation. This consists solving for
the eld components for each time iteration at all nodes in the computational space. An
example of how the FDTD method is put to use is the discretization of the eld component
E«, where if one expands Ampere's law from Maxwell's equations, so (1.1b), is given by

@k_1 @4 @§ .

@, @y @ & 42

This is assuming that when expanding (1.1b), the electric eld current density is

composed of] = °©°E + J;, where € is the conductivity of the material and J; is the

14



impressed current that rises from sources applied to the problem space. The discretization
of the elds follow the convention of the Yee cell, which is a method that Yee developed to
assign eld values to the nodes of the space being discretized, as illustrated in [34]. The
Yee cell is a simple diagram that aides the developer of an FDTD algorithm to construct
the updating equations accordingly. The Yee cell can be expressed in the Cartesian,

cylindrical, or spherical coordinate system.

Figure 1.12: Sample Cartesian Yee cell unit for the FDTD method.

Using nite di erences, speci cally via central di erencing, an updating equation for
the eld E, for a next time iteration can be developed. This analysis is well presented in [29]
for all eld components and the updating equation forE,, assuming a simple case where it
is source free = 0), takes the form of

EM(ijik ) = Cexe(isjik ) ED(i3jiK) |

+ Cexnz (i3], k) HT%(i;j;k) HQ+%(i;j 1; k)
|

+1 .. +% .
+ Conmy(i;j; k) Hy 2(ij;k) Hy Z(ijik 1) ; (1.3)
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where the coe cients are given by

2x(ik) tR(ik).

Cexe(i;j; K ) = 2 x(i;j; K ) F ot )?(i;j; K )1 (1.43.)
L 2t _

Cexnz (i;];k ) = 20K+ LK) (1.4b)

Cexny (13K ) = 2t (1.4c)

2.GEK)+ € E(iik)
The parameters for FDTD updating coe cients are described in detail in [29]. Most
electromagnetic problems are solved in a frequency-domain convention, since information
gets passed via waves with a frequency carrier. The FDTD method though, solves the
elds in a time-domain convention. The FDTD method is particularly e cient for
ultra-wideband problems, where a large range of frequencies must be solved for. Once the
time-domain simulation of the elds is completed, a discrete Fourier transform (DFT) is
performed to convert all time-domain simulated data to frequency domain.

1.4.2 The Finite Element Method

The nite element analysis method (also known as FEA or FEM), is a popular choice of

solving numerical EM problems. It is a frequency domain solver that much like the FDTD
method, discretizes the volume space and solves the elds at each node. The solving routine
consists of a function minimization [35]. When discretizing the domain, while the FDTD
method performs an orthogonal discretization, the FEM method uses a tetrahedron-based
discretization. This allows for a greater exibility of using complex geometries, in comparison

to the Cartesian FDTD method.

Figure 1.13: Sample FEM discretization, obtained with MATLAB Antenna Toolbox.
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The FEA method constructs the solutions for the elds as a sparse linear system of
equations [35]. Where the FDTD requires a computational e ort oN, the FEA method
requires a computational e ort of N2. However, the FEA method requires the same
computational e ort always, whereas the FDTD method depends on how many time steps
are required based on the problem type [29].

1.5 Operational Antenna Measuring System

A wide variety of antenna measuring systems were introduced in Section 1.1. In this
thesis, a FF and NF system is desired, ideally with a hybrid measurement capability. Since
a hybrid capability is desired, neither a compact range nor a tapered anechoic range will be
useful, so a rectangular anechoic chamber is needed. The frequency range of interest is to
have a chamber that can operate up to 18 GHz, since most of the antennas designed within
our facilities operate lower than that limit.

1.5.1 Previous Antenna Far Field Measuring System

Previous to this thesis, a FF chamber was already available through the e orts of the

antennas, RFID, and computational electromagnetics (ARC) group. The structure of the

chamber was built by ARC members Robert Jones, Kyle Patel, and Dr. Atef Z. Elsherbeni.

(a) Old chamber layout, front. (b) Old chamber, empty.

Figure 1.14: Previous anechoic chamber layout in our facilities at Colorado School of Mines.
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The previously developed software controls all the mechanical and RF components, and
plots the far elds of the AUT in real time. The developed software was written in MATLAB,
and is a graphical user interface (GUI) that combines all aspects of the available parameters

in the chamber for the user to change [36].

Figure 1.15: Previous main interface to control FF system.

Although the old measurement system is fully operational, and the user can obtain
the appropriate radiation patterns for a measured antenna, it is not perfect, and needs
much improvement and expansion [36]. Some example improvements to be made are to
be able to plot multiple frequencies, perform post-processing operations, or to save results
which can be loaded in the software after a measurement is done. A new design for the
AUT tower is needed, that can support rotations inAz and EIl directions, and is much
more e cient than the previous design implemented in [36]. This is due to the fact that
the previously designed towers were unstable when performing rotations, which caused the
system to provide anomalies in the measurement results due to the vibrations of the tower.

Additionally, since a NF system will be integrated, a complete design of the SRC tower
must be developed as well. Currently, from Figure 1.14a, the SRC tower is far away from the
AUT tower. To have a hybrid system to perform both NF and FF measurements, a sliding
mechanism must be designed to be incorporated in the SRC tower. This will allow one to
control the distance between the SRC tower and the AUT tower if a NF or FF measurement

is to be performed.
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Lastly, there needs to be improvements in the software development, and that is what
most of this thesis will focus on. From Figure 1.15, the main interface must be re-designed
to add many more capabilities to each component of the chamber system. Some examples
of improvements that are needed are the plotting capabilities, where the user can plot more
than one frequency from the di erent cuts, the saving and re-loading of measurements for
post-processing, and the mechanical alignment of the AUT and the SRC towers.

Besides adding the NF system, making it an innovative design in academia, the
complete improvement of the chamber system is also a fundamental task to perform, since
multiple complications have risen from students when trying to perform a measurement.
This thesis focuses on the development of a chamber system that is easy-to-use,
user-friendly, and e cient when performing measurements.

This thesis is an extension from a past project from [36]. Table 1.1 shows all new

additions, with the names of all people who contributed to them, including myself.

Table 1.1: Contributions made to the chamber.

Additions by
both myself
and teammates

Additions by Additions by
Teammates myself

- Development and
re-design of user interface.
- Development of
communication commands

- Design of AUT and SRC for all used components.
towers (Robert Jones). - Implementing and testing
- Fabrication of circular NF to FF algorithm and
patch .antgnna (Johnny Evans).| integrating it in the _Construction of AUT
- Fabrication of absorber software.
. . . and SRC towers (Robert
plate for NF measurements - Design, simulation, and )
. : Jones, Trevor Shapiro,

(Robert Jones). testing of a circular patch

: : Steven Dobson, myself).
- NF waveguide probe holding | antenna.
structure (Robert Jones). - Absorber placement in
- Holding structure for antenna| AUT tower.
array (Robert Jones). - Performing several NF and

FF measurements and
simulations using two
full wave EM simulation
tools.
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The biggest contribution was the addition of a newly developed software interface, shown
in Chapter 3. Besides from the software addition, new hardware components were upgraded,
and it was a group contribution.

It is important to point out that from the software contributions, there are di erent
sections where the used code is obtained from toolboxes, or is self developed. The following

table illustrates which sections of the code are self-developed and which are not:

Table 1.2: Software composition and description of generated code.

Software Feature Own code Not own code
Interface with mechanical
Yes. {
rotators
Keysight Command
Interface with network {
analyzer Expert. Uses MATLAB
Instrumentation Toolbox.
3D Pattern Generation Yes. {
Image embedding in 3D Uses MATLAB Image
: Yes. .
pattern generation Processing Toolbox.
Generation of Smith Chart Yes. Uses MATLAB RF
Toolbox.
NF-FF algorithm Yes. {
Communication with Yes Uses MATLAB Instrument
Power Supply ' Control Toolbox.
Powerpoint Generation Yes. Uses MATLAB Report
Generation Toolbox.
Post-Processing frequency
. Yes. {
movie generator
Display and illustration of
captured NF and FF Yes. {
measurements.
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CHAPTER 2
CHAMBER LAYOUT AND OVERVIEW OF USED HARDWARE COMPONENTS

To design a hybrid near eld and far eld antenna chamber measurement system, it is
essential to have all components that each type of chamber needs. Often, it is common to
nd that research institutions or RF companies have either a near eld or far eld antenna
measurement chamber, or have two separate chambers to perform either kind of measurement
[37],[38]. The advantages of having two separate chambers comes from the nature of the
design of the antenna. For instance, when measuring high frequency phased array antennas,
due to their high gain and frequency nature, it is often desired to measure them with a near
eld chamber. However, measuring a phased array antenna in a far eld chamber would
require having a physically large chamber. Having a hybrid near eld and far eld chamber
reduces the cost of having two separate chambers. Because of this, the components used in
the current far eld con guration must also be used for near eld testing.

The ARC chamber can be subdivided into three dierent kinds of components:
mechanical, RF, and software. The mechanical components are used for the translations
and rotations necessary to perform the measurements. The RF components are used to
perform all the actual measurements and any tasks related to transferring RF power from
one point to another. Lastly, the software is developed to improve the usability of the
chamber for the user, and will be discussed more in detail in Chapter 3. In this chapter, a
description of all components used in the chamber will be provided, as well as their
intended use. Additionally, a block diagram will be provided with all included components
to display how the chamber operates.

2.1 Antenna Chamber Dimensions and Layout
The ARC chamber is designed to operate up to 18 GHz. This frequency limit comes

from the limitations on some of the RF components, which will be discussed in Section 2.4.
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Figure 2.1: ARC chamber dimensions.

The chamber has a physical size of 15.3ft x 9.3ft x 5.3ft, where the dimensions correspond
to length, width, and height, respectively. The e ective size of the chamber is 10.5ft x 8ft,
which consists on the area where most of the radiated elds are present. In other words, this
is the size where an antenna can be measured within the dimensions of the chamber. When
performing a near eld measurement, the SRC tower can be brought closer to the AUT, and
a planar near eld measuring routine can be activated.

Although the chamber can operate up to 18 GHz, far eld testing is not possible
beyond certain frequencies, and one must resort to near eld measurements. This is due to
the de nition of near and far eld regions, and how a higher frequency corresponds to
larger radiation regions. The threshold for radiating near elds and far elds regions can

be described by theoretical expressions, given respectively by [39].

P ——
R' 0:62 D3= ; (2.1a)

2

R : (2.1b)

where (2.1a) is the threshold between the reactive near- eld region and the radiating near- eld
region, and (2.1b) is the threshold between the radiating near- eld region and the far- eld
region. Here, is the wavelength of the antenna operating frequencl, where = c=f, and

c is the wave velocity. Additionally, D is the largest dimension of the antenna's aperture.
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Since the maximum distance between the SRC and AUT towers is nite, there must be
a threshold, theoretical frequency for which a far eld test can not be performed. This
threshold frequency is not a de ned quantity, since the aperture dimensio has an e ect
on it. For example, a standard gain horn with a maximum aperture size of 24.4cm is valid
to be tested up to 6.14 GHz for a far eld measurement in the ARC range.

When assembling the SRC and AUT towers, it was crucial to implement a design
where a near eld testing con guration could be adapted easily from a far eld
con guration. The solution was to build a sliding SRC tower that could be easily displaced
and moved closer to the AUT tower. Then, by swapping the SRC antenna with a near eld
probe, the near eld setup is complete. This is discussed more in detail in Section 2.3.4.

Far Field Physical Layout:

The far eld layout consists of having a horn antenna at the SRC tower, and an
antenna of choice at the AUT tower. The SRC and AUT towers are placed as far away as
possible from each other. To ensure there are minimal re ections coming from the rotator
on the AUT tower, absorbers were distributed throughout the region of the AUT exposed

to the SRC tower.

(a) New chamber layout, front. (b) New chamber layout, back.

Figure 2.2: Newly designed anechoic chamber FF layout in our facilities.
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Near Field Physical Layout

The near eld layout consists of having a near eld probe surrounded with absorbers at
the SRC tower, and an antenna of choice at the AUT tower. The SRC and AUT towers are

placed three to ve wavelengths apart, based on the design frequency of the AUT.

(a) New chamber layout, front. (b) New chamber layout, back.

Figure 2.3: Newly designed anechoic chamber NF layout in our facilities.

As seen, the NF con guration has an absorber plate behind the probe placed in the
SRC tower. This is to prevent any elds produced by the AUT to scatter near metallic
objects close to the waveguide probe, which can a ect the collection of measurement data.

The absorber plate is a structure that can be updated with di erent kinds of absorbers
depending on the measurement frequency range [24]. To swap from NF to FF measurements
or vice-versa, one simply must remove the absorber plate and replace a rotating tube attached
to either the probe or the FF horn, and replace the absorber plate back in place if a NF
measurement is to be performed.

2.2 Block Diagram of Antenna Chamber

The ARC chamber is comprised of a variety of components that allow the proper

measurement of radiation patterns. The following block diagram represents the operation

system of the chamber for a FF con guration:
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Figure 2.4: Block diagram of ARC antenna chamber.

The chamber is all controlled by the main unit controller, a computer connected to all
parts of the chamber. The developed software controls all systems in the chamber to obtain
accurate radiation patterns, which will be discussed in Chapter 3.

The chamber is composed of various elements: mechanical, RF, and software devices.
The mechanical parts are the rotators and sliders, which are in charge of performing any
translations or rotations of either the SRC or AUT towers. The RF parts are in charge of
establishing the connection between the network analyzer and the AUT and SRC towers.
Lastly, any remaining devices will be used as add-ons to improve the functionality of the
chamber, such as the light controller system, or the break circuit. All components will be

discussed in detail throughout the rest of this chapter.
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It is highly important to note that depending on the con guration of the measurement,
whether it is a NF or FF measurement, the entire system block diagram will change. When
performing a FF measurement, the AUT is in receive mode. The RF ampli er is directed to
the SRC tower, where energy radiates from it, and goes through the break circuit after the
AUT receives said signal. However, in a NF measurement, the AUT is in transmit mode,
where the AUT radiates energy that is recorded by the SRC tower, which passes through

the break circuit into the network analyzer.

Figure 2.5: Modi ed block diagram of chamber for NF measurements.

2.3 Mechanical Systems

Since radiation patterns vary in space, it is important to have systems that can perform
the correct spatial variations to ensure the radiation pattern is well de ned. As stated in
Section 1.2, radiation patterns depend on and , the angular coordinates in the spherical
coordinate system. So, the AUT tower must perform a mechanical sweep over these variables.
Further, for the case of planar near eld testing, a rectangular sweep of the SRC tower is
needed to capture the near elds. Any mechanical systems in the chamber were selected to
be automated so the software can perform all necessary calculations to perform the correct
rotations or translations.
2.3.1 Rotary Tables

In the chamber, software controlled rotary tables were used to perform any angular
variations. The rotary tables used are the B48 rotary tables from Velmex Inc., which are

software controlled [42].
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Figure 2.6: Motor driven rotary table, B48 series, courtesy of Velmex Inc [42].

These rotary tables have a limit switch where they can detect when the zero position
has been reached, regardless of how many rotations have been performed. The rotary tables
operate via communication (COM) commands, and are controlled via a USB connection to
the computer. More information can be found in Appendix A.1. This poses an advantage
when calibrating the system, but will be discussed more in detail in Section 3.3.2.1. Three
di erent rotary tables are used: two for the AUT tower to sweep ovelAz and El, and one
for the SRC tower to adjust the polarization of the antenna or NF probe. Additionally,
one must be careful with rotary tables, since due to their metallic casing, they can re ect
undesired signals to the AUT or SRC towers. To x this, absorbers were placed between the
AUT and rotary table, or SRC and rotary table when a NF test is being performed.

2.3.2 Linear Sliders

Much like the rotary tables, software controlled linear sliders were used for the SRC
tower. The sliders serve as devices to both align the SRC tower with respect to the AUT
tower, and to perform near eld testing. Conveniently, Velmex Inc. o ers software controlled
linear sliders, much like the rotary tables. The slider models used are the Velmex BiSlide
MN10 Series, with the horizontal slider having 10 steps per inch, and the vertical having 20

steps per inch [42].
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Figure 2.7: BiSlide linear slider, courtesy of Velmex Inc [42].

The vertical slider is mounted on top of the horizontal slider to achieve a rectangular grid
scan. Much like the rotary tables, the metallic casing of the sliders can a ect measurements
since they can act as a ground plane for measurements. Proper shielding is needed, and the
issue can be resolved by placing absorbers in front of the sliders.

2.3.3 Motor Controllers

Since both sliders and rotary tables are from Velmex, they both use the same system of

communication with software [42]. Both the sliders and rotary tables use motor controllers,

which act as a common hub to process commands sent to the mechanical systems.

Figure 2.8: Motor controller for mechanical systems, courtesy of Velmex Inc [42].

Each controller can control up to a maximum number of two devices. In the antenna

chamber, there are a total of three controllers: one for the rotators in the AUT tower, one
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controller for the polarization rotator in the SRC tower, and one controller for the sliders in
the SRC tower.
2.3.4 Near Field/Far Field Source Tower

The SRC tower has a dual functionality, where based on the type of measurement (NF or
FF), it can adapt di erent settings. For a FF con guration, the SRC tower does not perform
any rotations or translations during the measurement. All rotations and translations are
performed during the measurement setup, where the SRC antenna is aligned with the AUT
via linear sliders, and then rotated with a rotary table to produce the desired polarization.
For a near eld con guration however, there are both rotations and translations during
the measurement. After changing the source antenna with a NF probe, translations are
performed to sweep over a de ned rectangular grid, and rotations are performed to capture

the correct polarization components of the AUT.

(a) SRC tower, front. (b) SRC tower, back.

Figure 2.9: Source tower layout for far eld testing.

To switch from a FF con guration to a NF con guration, the horn antenna must be
removed from the tower and replaced with a near eld open-ended waveguide probe. An

absorber plate then gets latched on the SRC tower to prevent any scattering from the sliders.
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(a) SRC tower, front. (b) SRC tower, back.

Figure 2.10: Source tower layout for near eld testing.

Both con gurations share similarities while being di erent from each other. The tower's
design, carried by Robert Jones, was designed to adapt both con gurations based on the
selection of measurement type in the software. To simplify the process of switching from a
far eld con guration to a near eld con guration, and vice-versa, the SRC tower has to have
freedom of movement to slide towards the AUT tower. By integrating wooden rails on the
oor, and having a sliding platform as the base of the SRC tower, the tower can slide across
the rails to get it closer to the AUT tower. This is achieved by having low friction plastic
nubs integrated to the SRC platform, which is integrated on the bottom of the wooden
rails. Additionally, since changing from a NF to a FF system or vice versa requires changing
the probe (either a source horn for FF measurements or the open ended waveguide for NF
measurements), it was necessary to fabricate a system in which the user could easily change
either component on the SRC tower. The system consists of a sliding tube that latches to
the rear rotator, making the whole assembly rotate. These tubes then hold the probe or

horn by means of a circular plastic disk attachment that is easily replaceable.
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(a) Circular tube adapter attachment. (b) Tube attachment for towers.

Figure 2.11: Mounting sliding system for AUT and SRC towers.

2.3.5 Test Antenna Tower

The AUT tower is a stationary tower with two degrees of freedom. These degrees of
freedom are the sweeps to be performed ovAe and El, and the rotary tables are used
to achieve these sweeps. When designing the AUT tower, it is important to consider the
positioning of the antenna and the layout of the rotary tables. The AUT tower was designed
considering a convention of having # pointing from the AUT tower to the SRC tower.
However, it is possible to adapt a convention where z+is pointed towards the ceiling. This

is discussed more in detail in Section 3.3.2.2.

(a) AUT tower, front. (b) AUT tower, back.

Figure 2.12: Test antenna tower layout.
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From the convention where 4 is directed towards the SRC tower, as shown in Figure
2.9b, the top rotator performs a sweep in, and the bottom rotator performs a sweep in.
The current system, as is designed, has complete freedom over elevation{@&|l < 360),
and a restricted range over Azimuth (90 < Az < 90). Additionally, the antenna is
placed directly above the bottom rotator to ensure it stays in the same axial position for all
rotations.

Much like the SRC tower, the AUT tower also has the sliding tube system, where
the user can swap out tubes for longer or shorter tubes. Additionally, the same sliding tube
positioning attachment from Figure 2.11a and Figure 2.11b is used. The circular attachments
will be used for any antenna mount necessary for the AUT.

2.4 RF Systems

So far the mechanical systems have been presented, and their task is to perform the
translations and rotations necessary to obtain spatial distributions in the FF or NF
distribution radiation patterns. The other important aspect of obtaining radiation patterns
is the excitations applied to the AUT or SRC antennas, in order for them to radiate. The
RF systems connect both AUT and SRC antennas to a network analyzer, which supplies
the input signal at one end and receives the measured signal at the other end. Hence, the
responses of the antennas can be recorded, and the radiation patterns can be constructed
using the developed software in Chapter 3.

2.4.1 Network Analyzers

To generate an excitation for both the SRC and AUT antennas, network analyzers are
the main devices controlling the signals being sent to the antennas. The network analyzer
can then detect the signal re ections and transmissions from either antenna, and how much
each antenna a ects the other one. This is based on the theory of scattering matrices [44].

In the ARC chamber, two di erent network analyzers are available. This is for having
testing at various frequency ranges. Most of the testing performed is below 9 GHz using

the Keysight ENA E5080A network analyzer. However, the Keysight Fieldfox network
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analyzer is available to conduct measurements for higher frequencies reaching the chamber
18 GHz limit. Both network analyzers, being from Keysight Technologies, use the same
communication commands between software and device interface. This allows for the
development of a chamber software where a set of commands for one network analyzer is
valid for both network analyzers. This will be discussed more in detail in Section 3.3.2.3.
The two-port Keysight ENA E5080A network analyzer is the main network analyzer
unit stationed in the chamber. Its frequency range is from 9 kHz to 9GHz. Most of the

testing performed in the chamber utilizes this network analyzer.

Figure 2.13: Keysight E5080A network analyzer in ARC lab.

The ENA E5080A being the standard network analyzer, uses a default power output
of -4 dBm. The E5080A can reach up to 12 dBm, but is kept at the default power level
to avoid the compression point of the connected external RF ampli er, described in Section
2.4.7.

The FieldFox network analyzer is a portable network analyzer that can test up to K

band, or 26.5 GHz. This network analyzer is used for high frequency testing.

33



Figure 2.14: Keysight FieldFox network analyzer in ARC lab.

The default power level of the FieldFox varies depending on the frequency of operation.
The maximum stable power level is -10 dBm, with a minimum of -45 dBm [45]. The added
ampli er system must be used in order to use the FieldFox while testing.

2.4.2 RF Cables

The RF cables used to connect the network analyzers with the AUT and SRC cables
are the Pasternack PE-P300LL RF cables. These are triple shielded coaxial cables with a
frequency range of operation from DC to 18 GHz. They are low loss and have an intrinsic

impedance of 50 [46].

(a) RF cables near the network analyzer. (b) RF cables near the SRC tower.

Figure 2.15: RF cables in antenna chamber.
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2.4.3 Rotary Joints

When attaching the RF cables to the respective antennas, in both AUT and SRC
towers, there are rotations present from the rotary tables. The cables must be attached
to the antennas at all times and must not be rotated by all means. Rotary joints solve
this issue, where a rotary transition is made from cable to AUT so that rotations can be

performed without twisting the cables.

(a) Sample rotary joint. (b) Rotary joint in AUT tower.

Figure 2.16: Rotary joints used in antenna chamber. The SRC tower has another rotary
joint to control the polarization.

2.4.4 Far Field Source Antenna

To perform a far eld measurement, two antennas are placed far apart from each other.
One is the antenna being tested (AUT) and the other is the source antenna (SRC). The SRC
antenna acts as an excitation, and the AUT reads the radiation from the SRC antenna. The
source antenna is typically a standard gain horn, or ridged horn, due to its ultra-wideband
and widebeam coverage characteristics [47],[48].

In the ARC chamber, the A-INFO LB-7180 model ridged horn is used as a far eld
antenna. Its frequency of operation is 0.7 GHz to 18 GHz, with a nominal gain of 12 dBi,

and an input connection of female SMA [49].
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(a) Front view. (b) Side View

Figure 2.17: Broadband ridged horn antenna used as a SRC antenna for FF measurements.

2.45 Near Field Probe

The near eld probe selected is an open ended waveguide operating in X-Band (8.4 -
12.2 GHz). The probe is the A-INFO 90EWGS open-ended waveguide probe. Its design
consists of a waveguide section attached to a 90 degree edge connection to a female SMA
input. Its nominal gain is 5 dBi, with an approximate cross-polarization isolation of -30 dB

[50].

(a) Waveguide probe, front. (b) Waveguide probe, back.

Figure 2.18: Near eld open ended waveguide probe.
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2.4.6 RF Absorbers

To properly perform measurements in an anechoic chamber, it is crucial to replicate the
scenario of testing in free space as close as possible. Due to the nite size of the chamber
itself, as well as its surroundings, it is crucial to place absorbers to make the incident waves
vanish. This will minimize re ections that can alter measurements. The absorbers laid out
throughout the chamber are spike-shaped pieces designed to minimize the re ections from

the waves.

(a) Section of front absorbers in chamber. (b) Section of back absorbers in chamber.

Figure 2.19: Sample regions of absorbers in di erent locations of the chamber.

The absorbers seen in Figure 2.19a were purchased, and the ones from 2.19b were
donated by FIRST RF Corporation. The front absorbers are placed at the entry of the
chamber and the ceiling, whereas the absorbers at the back are placed on the remaining
walls of the chamber.

Additional to the wall and ceiling absorbers, the chamber has oor absorbers as well,
donated by the National Institute of Science and Technology (NIST). Seen in Figure 2.12,
they are the 2ft x 2ft square blocks in the oor. These blocks replicate the e ect that the
other absorbers have, while giving one the ability to walk inside the chamber. To illustrate

the concept better, the inside of a oor absorber is composed of spike-shaped absorbers.
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(a) Full view of oor absorber. (b) Cross section of oor absorber.

Figure 2.20: Floor absorber, composed of conical absorber material.

2.4.7 RF Amplier System

In the chamber, all control units (network analyzer, computer, power supply) are near
the entrance, following Figure 2.1. Both the AUT and SRC antennas must be connected
to the network analyzer, which creates a long path from the network analyzer to the SRC
tower. Although the RF cables presented in Section 2.4.2 are relatively low loss, the path is
long enough for the initial signal to decay enough due to cable losses. Thus, an external RF
gain ampli er is connected between the network analyzer and the SRC tower, as is seen in

the block diagram of the chamber from Figure 2.4.

(a) Side view of LNA. (b) Back view of LNA.

Figure 2.21: Low noise ampli er for chamber measurements.
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The RF ampli er used is the ZVA-183-S+ Super Ultra Wideband Ampli er from Mini-
Circuits. This low noise amplier (LNA) requires +12V of operation when performing a
measurement, and has a typical gain of 26 dB [51].

2.4.8 Power Limiter Circuit

To operate within the limits of the network analyzers, it is safest to put a power limiter
breakout circuit, to avoid any high power signals coming back into the network analyzer.
This circuit consists of having a power limiter module, where a maximum power of 6W is
the limit of said module. In addition to the power limiter itself, an RF coupler with an
integrated attenuator is attached to the power limiter. This avoids any consequences that

high power signals may cause damage to the network analyzer.

(a) Attenuating circuit. (b) Power limiter module.

Figure 2.22: Power limiter circuit to prevent damage to the network analyzer from high
power returned signals.

This is another safety feature where the returned signal power to the network analyzer
is below the allowed limit.
2.5 Additional Systems

There are additional components that are not RF or mechanical parts in the chamber
but are crucial to performing measurements. They also provide the user a better experience

when performing measurements.
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2.5.1 Power Supply

A power supply is needed to power the LNA described in Section 2.4.7. The power
supply used is a BK Precision 9130B Programmable Supply. Besides of being used for the
RF LNA, it is for the chamber status lights, discussed in Section 2.5.3. In addition,as a
future addition, the power supply will be used to power an RF switch that will be used

when switching from NF measurements to FF measurements.

Figure 2.23: Power supply used, BK Precision 9130B programmable supply.

One can interface with the power supply the same way one does with the network
analyzers. This is discussed more in detail in Appendix A.3.
2.5.2 Mechanical Setup and Alignment System

When testing antennas, it is crucial that the SRC and AUT towers are aligned with
each other. There is extensive research on nding precise methods to determine the center
of the antenna, since a slight misalignment can cause errors in the measurements [52], [53].
In this chamber, a laser alignment system is used. A specic mount is designed with the
circular attachments as shown in Figure 2.11, and is attached to the AUT tower as if it were
an antenna. A cable is connected to the +5V terminal from the power supply as shown in
Figure 2.23, such that when the laser system is integrated, it is controlled by the software,

discussed in Section 3.3.2.2.
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(a) Laser model used in chamber. (b) Operational laser in chamber.

Figure 2.24: Laser alignment system used in ARC chamber.

The laser used is a cross-hair laser, operated with a +5V DC supply. It is a 650nm red
laser, with an adjustable focal point that can be changed with a rotating knob at the front
of the laser. The manufacturer of the laser is Quarton Lasers.

2.5.3 Chamber Status Lights

The chamber status lights turn red when the chamber is performing measurements.

The lights used are Allen-Bradley tra c lights. The lights take by default +24V of voltage,

supplied by the power supply.

(a) Not measuring (b) During measurement.

Figure 2.25: Chamber status lights.
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2.5.4 Main Processing Unit
The main processing unit in the chamber is a Windows 10 PC with a Intel(R) Core

i7-4790 CPU @3.6 GHz, 16GB of RAM, and an NVIDIA GeForce GTX 1080 graphics card.

(a) Main computer (b) Desktop con guration.

Figure 2.26: Main processing unit con guration.

42



CHAPTER 3
SOFTWARE INTERFACE IMPLEMENTATION

Each system and component described in Chapter 2 has a unique purpose and task
in the process of performing a measurement. They each need to be perfectly synchronized
in order to evaluate an exact measurement. In order to do so and keep track of all the
data that must be processed, a software package is needed to perform all these operations.
Currently, multiple industry solutions are available to achieve an exact measurement, where
they are often sold as a multi-package system, with all the components necessary for the
chamber, and including the necessary software that interfaces with all systems. Popular
examples of these products are the services provided by NSI-MI, or MVG Inc., among many
more. Often, these solutions are highly exclusive, since the integrated software is mostly
compatible with systems designed at said company. In other words, most of all mechanical
and RF components must be from the same company as the software being used in order to
perform a measurement. Otherwise the software package is of no use with other systems.

The goal of this chapter is to present a software package solution that can adapt to any
similar measurement system, as long as the system has open source code and documentation,
and the appropriate interfacing routines are established. This chapter will present a user-
friendly user interface that any student or researcher can use to perform either a far eld,
or near eld measurement within the ARC chamber system. Besides from the academic and
educational experience gained through the development of this software package, developing
the software package reduced the chamber total cost greatly while maximizing the exibility
of which features the ARC research group needs. Speci cally, a survey of desired features
from ARC members was conducted to tailor the software package to the chamber. In this
chapter, a block diagram of how the software package operates is presented, along with
detailed descriptions of each of the tabs and sections of it. Although this chapter is a
comprehensive guide for how to use the software package, a more detailed user manual

exists for those who work directly with the chamber.
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3.1 Choice of Integrated Developing Environment

To develop a user-friendly software interface, a robust integrated developing
environment (IDE) is needed. The IDE of choice must provide an appealing selection of
user-interactive features in the front end, and must perform quick and complex operations
in the back-end. Software solutions like those developed by NSI-MI or MVG Inc., are
IDE's based o C/C++ or Java [40],[41]. This is due to the open source nature of these
languages, and to create a unique solution and software package that is solely from the
company.

For the ARC anechoic chamber, the IDE used is AppDesigner, from MATLAB.
AppDesigner provides a user-friendly front-end layout, while keeping all the MATLAB
features to be used in the back end. This was chosen due to the ease of use of MATLAB
with complex algorithms and also due to the available toolboxes that enable
communication between RF and mechanical systems with the IDE. Although the number
of MATLAB toolboxes were tried to be kept at a minimum, the few used were critical for

the development of the software, such as the Instrument Control Toolbox.

Figure 3.1. AppDesigner front end for ARC chamber prototype user interface.

44



Figure 3.2: AppDesigner back end for ARC chamber prototype user interface.

AppDesigner allows one to drag and drop components into the front-end tab, and each
component can be programmed to do di erent tasks. Additionally, multiple apps can be
linked to each other, thus creating a multi-window app. Once the app is nalized, either a
web or desktop application can be exported, where no MATLAB license is needed to run
it, regardless of how many MATLAB toolboxes are used. This however is a feature that
requires the MATLAB Compiler Toolbox to generate the application.

3.2 Graphical User Interface Development

To produce a user-friendly interface, the goal of this software package is to design it in
a step-by-step fashion, where the user will sequence through the software in order to set up
a measurement. A sequentially designed software not only prevents the user to perform a
measurement with wrong parameters, but also allows the user to have access to all features
developed within the software.

The layout of the software consists of having a main window, where all controls can be
accessed and set up. On the previous software package used, seen in Figure 1.15, the main
window contained controls for all systems, making it a densely populated tab. In the new
software package presented, each system has a designated window, making it easier to
navigate. Once all chamber systems have been initialized, the user can begin the

measurement and see the results being plotted in real time. After the measurement, the
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user can choose to save the results, or perform post processing operations which can be
saved as well. All software contributions and a description of which packages were used are
shown in Table 1.2. The developed software application is mostly self-written, with very
minor exceptions where di erent toolboxes from MATLAB were used, as seen in Table 1.2.
3.2.1 Block Diagram Work ow of Software
As stated previously, the software is designed in a sequential way, where the user must

access tabs for all systems and set them up. Once these are initialized and set up, a
measurement can be performed. Then, after the measurement has been completed, the

user will have the option to save the results or perform post-processing operations.

Figure 3.3: Block diagram of ARC chamber software.

In the software block diagram, the red lines indicate the updating of mechanical positions
via plots in the software, and the blue line indicates performing a reset of the system.
Depending on the type of measurement (NF or FF), the process is still the same in terms of
the block diagram owchart. The two vary from each other in the way the data is displayed.
The di erence between the measurement types is that a NF measurement can be transformed

to a FF radiation pattern via post-processing operations, outlined in Chapter 5.
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3.3 Measurement Setup and Systems Initialization

To perform a measurement, the user must set up all available systems prior to doing so.
Not initializing the systems can lead to having the chamber perform incorrect or undesired
measurements. To perform a measurement, the mechanical systems and RF systems must
be initialized, and a measurement plan must be de ned. Once all these systems have been
initialized and de ned, the software will allow the user to perform the measurement. Until
then, the software will not allow the user to do so.
3.3.1 Main Window

The main window of the software is the main "hub" where all variables and metrics are
de ned. Additionally, it is the tab where the user can access the windows for all mechanical

and RF systems, referenced as chamber systems.

Figure 3.4: Main window of ARC chamber software.
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The main window is split into three dierent sections: Chamber Systems, Import
Measurement Selection, and Mechanical Systems Locations. The rst section deals with
the access of all mechanical and RF systems, where the user can initialize them and set
them up. The Import Measurement Selection section allows the user to load a previously
performed measurement for further post-processing operations. Lastly, the Mechanical
Systems Locations section shows the user the locations of all the sliders and rotators. All
these sections will be discussed in more detail in the remainder of the chapter.
3.3.1.1 Software Overview and Instructions

The rst feature in the main window of the software is the option to obtain more
information on how the chamber operates. Two buttons, seen in Figure 3.4 as "General
Info" and "Operational Procedure”, will allow the user to inform themselves better about

the chamber software.

Figure 3.5: Information available section on ARC chamber software.

The "General Info" button opens a tab where a list of suggestions is given to the user
when using the software. The "Operational Procedure" re-directs the user to the developed
user manual for the chamber software.

3.3.2 Initialization of Chamber Measurement

When setting up a measurement, the software de nes the initialization of systems as
"Chamber Systems". All chamber systems must be initialized and de ned in order to perform
a measurement. Then, in the main window shown in Figure 3.4, the label above the "Start
Measurement" will vanish, and said button will be enabled, indicating that a measurement

can be performed.
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3.3.2.1 Initialization of Mechanical Systems

The mechanical components in the chamber are classi ed into three di erent categories:
AUT rotators (in both Az and El), SRC rotator to establish the polarization of either the
FF horn or the NF probe, and the SRC linear sliders to perform a NF measurement or
align the SRC horn with the AUT. All mechanical systems are from Velmex Inc., as was
stated in Chapter 2, and all of them use the same communication routines. They each use
a communications port (COM port), and the commands are generated within the software
depending on how much each device must move. The documentation for all commands
can be found in the Velmex Inc website [42], or a sample page of the most commonly used

commands are given in Appendix A.1.

Figure 3.6: Mechanical systems tab.

It is important to note that all mechanical systems have a tab, the "Reset Mechanical
Systems" tab, where one can select which mechanical systems they want to return back to

their respective zero positions, once they have been initialized.

Figure 3.7: Mechanical systems reset tab.
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SRC Rotator:

The SRC rotator is used to perform the necessary rotations for either the FF horn or
NF probe, to provide the correct polarization. The routine to initialize the SRC rotator
consists on locating the current position of the rotator, and moving it to the zero degree
mark. Once this is completed, an object is de ned for said rotator, which can be used when
rotating the SRC tower at any point when needed.

In this tab, the user can de ne a manual rotation jog, with a de ned speed, and a
de ned number of degrees. The default speed for the source rotator is 2000 steps/s, knowing
there are 80 steps per every degree. Once the rotator has adjusted to the correct position,
the plots in the main window from Figure 3.4 get updated, and the source mechanical setup

tab will display the current rotator position.

(a) Not initialized. (b) Initialized.

Figure 3.8: Source rotator mechanical initialization tab.

AUT Rotators:

The AUT rotators perform the necessary rotations in and for the AUT. The
initialization routine, much like the one for the SRC rotator, consists on nding the
locations of each rotator, and then they each go to the zero degree mark. The rotators can
then be adjusted to any position, with freedom to control the direction of rotation, and

speed of rotation.
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Figure 3.9: AUT rotators mechanical initialization tab.

SRC Sliders:

The SRC sliders have a dual purpose: to align the AUT with the SRC, and to perform
a planar NF measurement. The initialization routine, being somewhat di erent from that
of the AUT and SRC rotators, moves the sliders to the left and bottom limits to de ne its

limits, and then they both move to their respective centers, which are known.

Figure 3.10: Linear sliders mechanical setup tab.
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In this tab, one can hover the mouse over the location plot, and click on a desired
position. The colors on the side indicate the colors of the dots represented in the plot. One
can then either move the mechanical linear sliders of the SRC tower via mouse displacement,
by manually entering the desired position, or by adjusting them in 0.1cm increments. The
latter adjustment is intended to be used for aligning the AUT with the center of the sliders.
One can also de ne a relative zero position as per indicated with the blue button in Figure
3.10.
3.3.2.2 Chamber Setup Systems

The chamber setup systems are separate options that the software takes into account
when performing measurements. These options take into account the antenna orientation,

measurement delays, and alignment setups.

Figure 3.11: Chamber setups tab.

AUT Orientation Setup

This setup tab allows the user to decide the coordinate system when measuring an
antenna. By default, the software assumes that # is towards the SRC antenna, but there
are cases where # can be directed towards the ceiling, such as a dipole antenna. This is

due to the dipole antenna's feeding point being perpendicular to the axis of propagation.
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Figure 3.12: AUT Orientation Setup.

One can have an axis perspective, where the full coordinate system is illustrated, or a
rotator perspective, where the functionality of the rotators is illustrated. The AUT
orientation can be applied before the measurement, during the measurement, or after the
measurement. By selecting an AUT orientation, the assignment éfz and EI rotations will
be di erent. For the case of +2 oriented towards the SRC, the pairs aré Az;Elg!f ; g.

Similarly, for the case of +2*oriented towards the ceilingfAz;Elg!'f ; o.

Measurement Delay

When performing measurements, the software performs linear and angular translations
in a stepped manner, as opposed to having linear or angular transitions move in a
continuous manner [24]. For purposes of this project the translations were de ned as
stepped sweeps for both NF and FF con gurations. Because of this, there must be settling
time between the time data is collected until the rotator must move to the next position.
A bu er must exist to account for data collection and storage and to avoid any induced

mechanical vibration noise from the rotator into the collected data.
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Pattern Visualization

This is a button where the user can select to view the patterns in real time or not.
This button can be clicked at any point while using the software, and the software will

adapt accordingly.

Alignment System Activation

This button enables the laser used for aligning the AUT and the SRC towers. A +5V
signal is activated for the power supply delivered to the cable in the AUT tower. The user
would need to attach the laser and connect it for this to take into e ect, seen in Figure 2.24.
3.3.2.3 Initialization of Network Analyzer

The initialization of the network analyzer species the RF characteristics to be used
in the measurement, such as frequency limits, frequency points, IF bandwidth, and data
display. This setup tab allows one to either have a connected device, or a simulated device.
The measurement will not be allowed to run if there is no connected device detected. The
simulated device is solely used as a way to learn how to navigate the network analyzer

settings tab, and to see the features of it.

Figure 3.13: Network analyzer settings tab, when VNA is disconnected.
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