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Abstract

A near-field planar scanner is an electromechanical system whose objective is to
obtain the far-field pattern of a mostly directive antenna by recording its electro-
magnetic fields in the near-field region by taking measurements at different points
on an imaginary finite plane in front of the antenna under test; the collected data
are then mathematically processed to obtain the far-field patterns.

Near-field planar scanners are an excellent solution to the various limitations
involved in far-field measurement. This type of system does not require an ex-
tremely large anechoic chamber to avoid external and self-interference in a con-
trolled environment and does not require the AUT to rotate or move in any di-
rection, making this system ideal for measuring array antennas.

Currently the use of array antennas is proliferating, so the need for affordable
systems to test and calibrate them is essential. The objective of this thesis is to
provide the design and assembly steps of a low-budget, customizable, open-source
near-field planar scanner.

This thesis discusses the mathematical equations and theoretical foundations
of near-field planar scanners. It also explains our proposed hardware and software
design, highlighting the most important considerations. This work also discusses
the process to perform an antenna measurement using the present system taking
advantage of all its capabilities and finally, this thesis presents the accuracy and

correct operation of the proposed scanner.
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Chapter 1

Introduction

1.1 Introduction

Near-field scanners were conceived as a solution to several constraints that mea-
suring at far field ranges may imply. The distance needed between the Antenna
Under Test (AUT) and probe can be impractically large, perhaps, the required
amount of pattern data requires plenty of time to measure on a far-field range
[1]. Near-field planar scanners are widely use antenna measurement systems that
have been in development since the decade of 1950. Interest arose with the devel-
opment of electrically large antennas; antennas whose rotation to be measured in
the far-field was extremely difficult due to their size or structural weakness; array
antennas with a considerable number of elements; antennas with complex far-field
patterns; or non-reciprocal antennas [2]. Moreover, near-field measurements, in
contrast with moving range antenna outdoor measurements, may provide some
advantages such as control of the electromagnetic and climate conditions, fact
that leads to improvements in security, accuracy and performance [3].

Different techniques to reduce the dimensions of antenna measurement systems
have been proposed over the years. The scale model technique is an approach to

obtain antenna information on a complex environment (aircraft, satellites, ships)



by creating a scaled model, this allows a better control over the measurements
and provides an accurate first design for the antenna [4]. Plane wave generators
are systems which purpose is to create planes waves at the AUT location, making
possible to test antennas in a considerable shorter distance that testing at far-field
would have been required, this technique includes the compact ranges, dielectric
lenses and metallic lenses. The antenna focusing technique consist on concentrate
or focus the antenna at the desired length, this method is used mainly for antennas
that allow to adjust its focus, for instance, parabolic reflector antennas or analog
phased arrays [5].

The method proposed in this work is the near-field probing with mathemat-
ical transformation to indirectly obtain the far-field patterns. The setup incor-
porates a probe antenna located from a recommended 3 to 5 A separation from
the AUT (best tradeoff between evanescent modes, multiple reflections and cor-
rect pattern coverage) [3]. The probe system consist of a mechanical positioning
structure holding an open-ended waveguide, it scans the magnitude and phase of
the electromagnetic fields over a defined surface of sample points, then this data
is processed by an algorithm based on the Field Equivalence Principle, in order
to compute the far-field pattern [6].

Near-field scanners can be divided into three main configurations: planar,
cylindrical and spherical. Planar scanners are especially useful for high directivity
antennas or when the antenna rotation is not desired, like big phased arrays. In
this system the probe performs a rasters scanning in front of the AUT, meanwhile
this last stays fixed. Cylindrical configuration is suitable for fan-beam antennas
or when the project is budgeted, being the least costly structure, since it only
requires two axes. The procedure of measuring for this geometry consist of the

AUT mounted on a rotary table and a probe which linear movement is parallel to



the rotation axis of the AUT. Usually, the probe moves up and down, meanwhile
the AUT rotates in the yaw axis. The spherical configuration is specially used for
low gain and omnidirectional antennas, since a spherical near-field scanner is able
to get a extensive number of angles of the computed far-field pattern, meanwhile
with the planar, the maximum area to compute is one hemisphere of the complete
radiation pattern sphere. The setup for this system is a fixed upward facing AUT
and a structure that allows the probe to rotate in azimuth and elevation always
facing the AUT.

Now, it is important to mention that the system proposed in this thesis fol-
lows the rectangular configuration, this is necessary to remark since there are
three different layouts for planar measurements, polar, bipolar and rectangular
[7]. Regarding the polar and bipolar layouts, they were conceived as a simplified
and inexpensive near-field methods, in terms of mechanical implementation, to
conduct planar near-field scanning, at the expense of a more complex mathemat-
ical far-field calculation process, the necessity to rotate the AUT, and the use of
interpolation algorithms to achieve the accuracy of the rectangular planar config-
uration, that slow-down the scan time [8].

In the subsequent sections to avoid excessive use of words identifying the pro-
posed system as rectangular near-field planar scanner, the reader is kindly asked
to understand that the presented system is now pointed out as near-field planar

Scanner.

1.2 Motivation

Near-field planar scanners have been improved over the years, they started as
simple systems that did not perform a near-field to far-field transformation, to a

complex systems that include capabilities as probe correction, different scanning



configurations, hologram projection calculation, and further additional functions.
One aspect that is now well addressed by latest research is the accuracy required
for systems that are intended to work at high frequencies (>30 GHz). mm-Wave
frequencies require high precision linear mechanical positioning with high repeata-
bility. The suggested accuracy range for a near-field scanner is 16\—0 to % [3]; there-
fore, a Ka-band positioning system should have an accuracy of at least 150 um.

Near-field planar scanners have a limited scan area, this area is given by the
largest dimension of the AUT and probe aperture, the desired maximum far-field
pattern angle, and the distance between the AUT and probe. The factor with
stronger contribution to the scan area is usually the AUT size. Given that the
proposed system aims to measure a large phased array radar from Tomorrow.io,
the required scanning dimensions in x and y-axis are 2.5 by 1.2 m, respectively.
To achieve that area a system 3.57 m long and 2.16 m tall was designed.

The accuracy and size are conditions that are opposed and compromise them-
selves. This situation generates a number of challenges. An end-to-end position
error in z-axis, or planarity of less than 150 um must be maintained. Due to the
size and weight of the mechanical parts, micro vibrations will also occur, specially
right after a movement has finished; moreover, given the separation between the
rotary table and the probe tip, micro misalignments will be present during the
change of polarization, fact that must be taken into account, especially knowing
that the alignment between the AUT and the probe is critical for high cross-
polarization isolation. In addition, given the changing and heavy nature of the
structure it is necessary to evaluate the behavior for, at least, the more stressed
positions, for example, when the probe is moved all the way forward, the torque

increment produced by the enlargement in z-axis will cause the probe to be more

prone to vibrations and even to get bended down some microns. Another impor-



tant feature is the speed, acceleration and deceleration of mainly the z-axis and
y-axis, considering the regular movement is the half lambda scanning step (for the
point-by-point method), the maximum travel during a scan should be 5.7 mm for
26.5 GHz (considering Ka-band); for such small step, the speed of the scan will
be given by the speed of the axes, but also by the acceleration and deceleration
of the axes; therefore, the correct configurations should be set in the motor con-
trollers to maximize the overall scan speed, without compromising the lifespan of
the positioners by over stressing them or without compromising stability.

To the aforementioned challenges it is necessary to include the importance of a
friendly user graphical interface (GUT), which guides the user through the process
of measurement, allowing the easy result acquisition and analysis. In addition,
extra requests from Tomorrow.io had to be fulfilled, such as, a communication
system to allow computers in the same Local Area Network (LAN) to control the
scanner and to make the hardware and software able to receive fast modifications,
in other words, a versatile open source system.

The purpose of this thesis is to address these challenges through the carefully
design and assembly of a fast, accurate, user-friendly and reconfigurable planar

near-field scanner for Ka-band.

1.3 Literature Review

Given the substantial amount of research in the area of near-field probing with
far-field mathematical transformation, the content of this review is exclusively
for rectangular planar near-field to far-field transformation. The purpose of this
review is to identify the existing problems on this field, and in that way clearly
show where is the contribution of this work.

For planar near-field scanning, the recommended sample point spacing is half



lambda or less, this is to avoid aliasing errors. If we consider a large antenna
array (1 m x 1 m) that works at 40 GHz, and the spacing between the AUT
and probe is 3\, the number of required sample points for an angle truncation
of 760° is roughly 84000, hence if the system takes half a second to move from
one point to another and make a measurement, the time the system would have
needed to perform a single polarization scan would have been almost 12 hours
and for both polarizations a whole day, even when this time can be reduced by
minimizing the distance AUT to probe, stronger reflections will occur [9], so it is
not the best solution. For this reason, an effort has been made in recent years to
reduce this scanning time. One of the solutions several companies offer (NSI-MI,
MVG, ASYSOL) is the continuous scan mode, here, the probe no longer stops
in each sample point to take a measurement, but takes the measurements in the
course of the movement from edge to edge of the scanning window, so the stepped
movement is relegated to just one dimension of the plane. This method reduces
the scan time exponentially, however, at the expense of accuracy, specially when
the frequency sweep is large (more than 40 frequencies), and an increased system
complexity, given the demanded knowledge of the exact velocity, acceleration and
deceleration of the positioner to track the probe by time, or demands a probe
tracking sensor, such us encoders or laser trackers.

Another approach to reduce the scan time is the multi-probe strategy, this
method proposes the use an array of open-ended waveguides, where each element
in the array is compressed by a vertically and horizontally polarized antennas,
which are separated by a distance of 2\ to reduce the coupling between them [10].
The idea of this method is to reduce the scan time by sampling in several positions
at the same time, or in a fast sequence if a switch with one receiver is utilized,

so if the multi-probe array consist of X number probes for each polarization, the



time needed for a scan would be X times lower. A clear example of this method
is the T-DualScan, a planar near-field system developed by MVG that offers the
capability to perform measurements with a single probe or a multi-probe linear
array. This scanner has been utilized in [11] to calculate an accurate multi-probe
pattern and, in [12] to determine a multi-probe pattern based on the average
probe pattern technique, for post-processing multi-probe correction. It also has
been employed in [13] as part of the studies of a technique to speed up the process
of measuring multi-beam antennas.

Further improvement strategies have been included to the multi-probe systems.
In [8] a multi-probe array was utilized to develop a spiral scanning methodology
to save acquisition time, showing good results for uniform patterns of array anten-
nas. In [14] the planar wide mesh approach, a non redundant sampling technique,
is combined with a multi-probe near-field system, reducing the scanning time 100
times over the time a single probe conventional near-field antenna system takes
for a measurement. Furthermore, This multi-probe strategy has been extended
to a scan window fully populated of probes, one example is the RFScanner, de-
veloped by the company YIC Technologies, it is a compact near-field to far-field
scanner that is able to provide far-field patterns in almost “real-time”, it works
from 300 MHz to 6 GHz for a maximum AUT size of 160 mm x 100 mm. This
instrument is employed in [15] as a framework to implement an adaptive data ac-
quisition technique to minimize the number of samples to speed up the near-field
measurements.

So far this review has covered the current work on strategies to decrease the
near-field scan time. However, there are other features in which these systems
are being enhanced. As an effort to simplify the near-field scanner system [16]

proposes a technique to perform continuous scans without the use of probe position



sensors. By recording the steps sent to the stepper motors it is possible to estimate
the position if there is a reference point. Additionally, if the frequency sweep for
the measurements is inverted (from lower to higher, to from higher to lower) for
every other row of sample points during the continuous scan, the small position
deviation or shift for each frequency, due to the continuous scan, is mitigated.
Besides the strategies to improve the near-field scanner, there is also a substan-
tial amount of research dedicated to address the correct near-field measurement
practices and correct procedures for calibration [17] and alignment. Useful in-
formation such as mechanical tightness, tools and procedures for alignment and
mitigation of planarity and positional errors can be find in [18]. Additional consid-
erations must be made when the system is intended to operate at high frequencies,
the studies in [19] and [20] done for sub-millimeter frequencies, show how to deal
with thermal structural changes (by the means of a tracking interferometer and
the use of granite for the structure), cable phase instability, planarity errors and
probe translation during polarization rotation, due to mechanical misalignment
and size and weight of the probe sub-system. Further information about these

subjects will be provided in the subsequent chapters.

1.4 Proposed System

The system discussed in this document is a high-precision inverted “T” planar
near-field scanner whose operational frequencies are between 26.5 GHz and 40
GHz, where the minimum and maximum frequencies are limited by the open-
ended waveguide probe antenna, if the probe and its cable are not considered,
the system would be able to work from 18 to 54 GHz (for the Ka-band), which
are the frequency extender limits. In summary, the proposed scanner with no

modifications can measure Ka-band antennas.



The scanner consists of two main physical parts, the 4-axis positioning struc-
ture for the probe, and the equipment rack. The probe positioner is compressed
by one belt driven linear positioner (z-axis), two lead screw driven linear posi-
tioners (y and z-axis) and one rotary table (¢-axis). This rotary table holds the
frequency extender, the probe and its absorbers . Figure 1.1 shows the entire
positioning structure plus the equipment rack (absorbers are hidden in order to
better illustrate the details of the structure).

Regarding the dimensions, this positioner is 3573.8 mm long in = , 2159 mm
in y and 1309.9 mm in z. The maximum motion ranges for the probe are 2500
mm in z, 1200 mm in y, 125 mm in z-axis and 90° in ¢ (the rotary table can
actually rotate 360°, but the movement was limited by software to prevent the
RF cables from excessive tension or torsion and because more than 90° rotation

is no needed).

Y- Linear
positioner

Control
panel

™~
.-

i Frequency
/  extender

2, /‘"

Z- Linear
positioner

X- Linear
positioner %

Computer

Figure 1.1: 3D rendering of proposed 4-axis NF planar system

Regarding the equipment rack, this is a piece of the system that gathers the



electrical end electronic equipment to make the scanner work. This rack is divided
in 5 sections, the upper one is the control panel, it comprise the motor controllers,
the encoder readouts, the button to start and stop the system. An additional
emergency stop push button is connected from this panel to a position close to
the monitor, so the user can stop the system immediately while using the GUI.
This panel allows complete control of the mechanical parts thanks to the jogging
buttons and the joysticks connected to the controllers. A complete description of
the functionalities of the control panel is provided in chapter three.

The VNA and a panel for the RF cables connections are in the second section
of the equipment rack. Given that the VNA ports are in the front side, and the
VNA needed to be installed facing the front, all the RF cables that go to the
frequency extenders would have been connected from the front of the equipment
rack; given that this makes the cables to be more susceptible to damages and
damages the aesthetic of the rack, a extra panel was installed, so small cables
go from the front of the VNA to the panel, then larger cables go from the RF
panel to the back of the rack and from there to the frequency extenders. More
information regarding the VNA is provided in the third chapter.

The computer can be find in the third section, it is in charge to orchestrate the
scans by commanding the motor controllers, the readouts and the VNA. Given the
number of USB connections required and extra internal USB card was installed,
adding six extra ports to the computer. The monitor, mouse and keyboard are
located in a desktop next to the equipment rack. The fourth section is a group of
three drawers, the intention is to store the scanner maintenance equipment, such
us the calibration tools, torque wrenches, lubricant for the mobile parts and small
spare parts. Also, to store informational resources like the manuals (VNA, motor

controllers, encoders and the system manual). The UPS is in the fifth and lower

10



section, given its weight, was important to keep it closer to the floor so the rack
center of mass is closer to the floor, maintaining in this way stability. The UPS
was included in the system for a number of reasons, first of all is a clean source of
electricity, in other words, free of harmonics. A clean source helps to extend the
lifespan of the equipment. Second, the UPS provides protection against peaks of
currents that can also damage the system. Finally, in case of a power outage, the
user will have plenty of time to pause the scan and shut down the system in the
correct manner. Figure 1.2 shows a general view of scanner parts and how are

they interconnected through a block diagram.
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Figure 1.2: Near-field planar scanner block diagram

This block diagram was divided in two major sections, the upper one presents

the parts related to the movement of the system, as we can see the stepper motors

of the four axes are connected to two motor controllers, each positioner posses two

cables, one for the motor itself and another for the limit switches installed on the

rails, then, these controllers have special power adapters that are connected to
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the UPS.

The lower part of the diagram holds the RF components in the system, we can
see that the VNA is connected to the computer and is powered directly buy the
UPS, then the frequency extenders are connected to the VNA and powered by it
as well, lastly, the probe and AUT are connected to the extenders.

The scanner specifications are summarized in the Table 1.1.

Table 1.1: Planar Near-field scanner specifications

’ Specifications \ Value \ Unit ‘
Scan Range x-axis 2500 mm
Scan Range y-axis 1200 mm
Scan Range z-axis 125 mm

Planarity - RMS mm
Position repeatability x 0.1 RMS mm
Position repeatability y 0.1 RMS mm
Position repeatability z 0.1 RMS mm

Scan speed x 50.8 mm/s
Scan speed y 25.4 mm/s
Scan speed z 12.7 mm/s
Maximum probe payload 5) Kg
Operational frequencies | 8.2-12.4 and 26.5-40 | GHZ
Dimensions 3574 x 2159 x 1309 | mm

1.5 Thesis Overview

The major objective of this thesis is to provide a complete and detailed description
of the design, fabrication and operation of a near-field planar scanner. In that
sense, this thesis covers all the required topics through six chapters to accomplish
the mentioned objective. This present first chapter is an introduction, where
the reader gets a general view of the proposed system (features, specifications
and conformation), the importance and motivation for its development, and an

overview of the state of the art for similar systems.
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The second chapter covers the fundamental theory to understand the near-field
to far-field transformation for a planar rectangular scanner. It starts with a brief
revision of the antenna regions, then an explanation of the Modal expansion and
finalize with the detailed step by step mathematical procedure to transform the
amplitude and phase of the rectangular near-field samples, to a spherical far-field
patterns. This chapter is mostly based on chapter 17 of the book Antenna Theory
Analysis and Design by Balanis.

The third chapter is focused on the description and explanation of the system
design and assembly, through the identification of components, their function and
interconnection. This chapter also covers the design of the graphical user interface,
a description of the utilized software and the TCP/IP communication.

Chapter fourth delineates the process to conduct near-field antenna measure-
ments with the proposed system, the scanner maintenance and correct power up
and power down of the system.

In the fifth chapter the scanner performance is analyzed and the antenna
measurements validated with measurements provided by the antenna vendors.

The sixth chapter focuses on the conclusions of the thesis and future work.

1.6 Participation and Contributions

The construction of a system as complex as a near-field planar scanner involves
different fields of expertise and requires spending time on design, logistics, as-
sembly, testing, validation, installation at the final operational site, user training,
manual writing and much more. Therefore, the realization of this project includes
the involvement of different people throughout the entire construction process.
This section is intended to recognize the people who participated in this project

and their respective tasks.
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Dr. Salazar and ARRC mechanical engineers were responsible for the mechani-
cal design. This design was based on the ARRC [21] millimeter wave multipurpose
scanner system. This design was done prior to my participation.

Brian Stade and Carson Bolinger were the primary students assigned to the
assembly process of the first scanner design, which also involved fabrication of ad-
ditional parts, packaging and shipping. They also assisted during commissioning
at the installation site. Alexis Oblitas and Caleb Nelson were the lead students
assigned to the assembly of the second scanner design.

Alexis Oblitas had a special involvement in the commissioning and installation
of the first system and also participated in the scanner software by adding the
continuous scanning function and code debugging.

As far as the author of this thesis is concerned, my functions and participation
can be summarized as follows. As can be seen, as project manager I participated

in all phases of the scanner construction after design.

e Scanner secondary assembly support and assembly supervision.

» Project logistics.

e Scanner software design and implementation of graphical user interface (main
task).

o Scanner testing, calibration and validation.

e Operation manual writing.

e Secondary support in packing and shipping.

o Commissioning in the installation site.

o Scanner users training.

In addition, this thesis give rise to the development of two papers. One is

a review of the planar scan window formulation and its impact on co-polar and

15



cross-polar isolation. The second one is a study of the probe collar absorber

dimensions for high accurate co-polar mismatch and cross-polarization isolation.
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Chapter 2

Fundamentals

2.1 Field regions

Antennas propagate electromagnetic fields which vary as a function of distance
and angular coordinates, this is called the field distribution; however, at certain
space from the antenna, this field distribution can be approximated to no longer be
function of the distance, because of the minimum phase and amplitude variation
for every point of the angular coordinates. Hence, there are two major field
regions, the near-field, where the electromagnetic fields change with distance and
the angular point of observation, and the far-field region, where we can simplify
the distribution as just function of the angular coordinates. The most widely
accepted formula which assures a maximum phase error of 7/8, especially for
electrically large antennas (D > \), that divides these regions is [1].

_2D?

Ry == (2.1)

Where D is the largest dimension of the antenna aperture and A the wave-
length. In the closest region of the antenna in near-field, the electric and magnetic
field are not in phase, this asynchronous behavior causes the system to be reactive

and the fields rapidly change its orientation [22]. This reactive behavior decays
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exponentially and the antenna becomes a mostly radiating object. Therefore, the
near-field region should be divided into reactive and radiating sub-regions, where

the largely accepted formula that sets the boundary for the reactive region is.

D3
Ry = 0.62/ - (2.2)

Where D is again the largest dimension of the antenna aperture and \ the
wavelength. In conclusion, the antenna radiated fields structure is divided into

three regions reactive near-field, radiating near-field and far-field. Refer to picture
2.1.
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Figure 2.1: Antenna field regions
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2.2 Modal expansion

The modal expansion method states that a radiated field distribution of an aper-
ture antenna can be expressed as the summation of planar waves coming out of
that aperture. Each planar wave has a different # angle with the normal to the
aperture plane.

This combination of plane waves is called angular spectrum of plane waves. We
can think of this as a time periodic signal that can be expressed as the summation
of sinusoidal signals of different frequencies applying a Fourier transform. In the
same way, the radiated field can be expressed as the summation of plane waves of
different angles by applying the Fourier transform.

The following pages explain this method and present a procedure for finding
the angular spectrum of plane waves from measurements in the vicinity of the
antenna and then using that information to obtain the far-field patterns.

Let us simplify the problem to just one plane wave being propagated at an
angle ¢ with the normal to the aperture plane, as Figure 2.2 illustrates. The
arbitrary magnetic field is tangential to the aperture plane and the electric field

is in the region x < 0.
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Figure 2.2: Plane wave being radiated from an aperture

The electric and magnetic fields that describe the propagated wave are shown
by the Equation (2.3), and the aperture electric field distribution (z = 0) required

to maintain this wave is described by the Equation (2.4).

E(I7 y) = A(—Sln@, COSQ, 0>€*jk(6059x+sin9y)
(2.3)
H(z,y) = nA(0,0, 1)e7k(costa+sindy)

E,(0,y) = Acosfle 75 (2.4)

Any wave travelling over the aperture in the form of (2.4) produces a plane
wave described by Equation (2.3). Now, if we focus in Acos), we see that it defines
the amplitude and phase of the plane wave at the origin. So, for this single case
we can say that the angular spectrum of plane waves that produces Acosf (a
plane wave) in the origin, is itself. It is like wondering, what are the sine waves
required to produce the signal of a sine wave; well, it is just that same sine wave.

So Booker [23] defines the angular spectrum of plane waves, for this case as:
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P(S) = MA(S)cost (2.5)

Where some mathematical tricks were considered for convenience. First, A was
added, so later we can use the Fourier transform theory to go from the angular
spectrum to the radiated fields. And P is a function of S, which is an abbreviation
for sinf. Just € cannot be used because the evanescent modes make 6 to be
complex, instead sinf could be greater than 1, but still real. Further explanation
can be found in [23].

Now, if we apply this concept for a number of plane waves being radiated each
infinitesimal angle from the aperture, it is necessary to replace Acosf from (2.5)
in Equations (2.3) and (2.4), and integrate with respect to S from —oo to oo we

will get:

E(x,y) = 1 [ P(S)(—sinb, cosf), 0)e Ik(cosbatsinfy) d5_

A J—0oo cosf
(2.6)
H(z,y) = | [, P(S)(0,0, )¢ Heorortsinty) ds
1 oo .
E,(0.5) = 5 /_ ~P(S)e s (2.7)

From (2.6) we can see that it is possible to obtain the electromagnetic fields
at any point in the plane x — y if the angular spectrum of plane waves is known.
P(S) can be found by applying the inverse Fourier transform to (2.7), this leads

to the next equation.

P(S)= [~ E,(0.y)e"dy (2.8)

In summary, it is appropriate to say that the radiated fields can be calculated

from the collection of the tangential electric field in the aperture.
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2.3 Asymptotic evaluation of the radiated fields

In the last section it was mentioned that in order to obtain the radiated fields
at any point in the space it is necessary to apply the Fourier transform to the
angular spectrum, and in order to obtain the angular spectrum it is necessary to
calculate the inverse Fourier transform of the tangential electric fields in the aper-
ture. Hence, the process to derive the far-field electric fields apparently consist
of two Fourier transformations; however, this section presents an approximation
that works when the distance from the aperture to the observing point is suffi-
ciently large (far-field), using this approximation there is no need to calculate the
Fourier transform of the angular spectrum, given that the electric field becomes
the angular spectrum multiplied by a function that depends on r, the distance
from the point to the aperture, k, the wave number and 6 the elevation angle.
This analysis can be found in Balanis [6] Chapter 12, and it is described as the
asymptotic evaluation of the radiated fields. That section applies a method called
Stationary Phase, which is an approximation for complex exponential factors that
change rapidly. The explanation of this method goes beyond the scope of the
present thesis; therefore, just the initial and final equations are presented.
Unlike Booker, Balanis presents the spatial transformations with wavenumbers
and not angles, the idea is the same, but now, instead of calling it the angular
spectrum, this will be called wavenumber spectrum. Using Balanis’s nomenclature
and for an aperture of two dimensions, the Fourier transform of the wavenumber

spectrum is:

1 oo poo .
E(z,y,2) = Tﬂ[m [m Flho, ky)e~ " dk, dk, (2.9)

As it is possible to see, the wavenumber spectrum is denoted by “f” and its

argument is no longer S but is the spatial frequencies or wavenumbers in z and
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y. The double integral is because of the two-dimensional aperture, and it was
derived by the Parserval’s theorem.
After the application of the Stationary Phase Method the resultant equation

for the electric field in far-field is:

—]]{,‘7”

E(r,0,¢) ~ ij [cosO f (ksinfcosd, ksinfsing] (2.10)

The electric field is now in spherical coordinates, given that the stationary
points, found by the applied method, are radial to the aperture. Additionally,
the spectrum is a vector whose components are x, y and z. Due to the fact that
in far-field the dominant components of the electric field are just 8 and ¢, the
spectrum vector is transformed to spherical coordinates and the electric field is
presented just in terms of 6 and ¢.

k —jkr

(7"9¢)NJ

(f cosg + f,sing) (2.11)

—jkr

ke
E¢(T’ 97 Qb) =7 o

cost(—f ,sing + f,coso) (2.12)

Equation 2.11 and 2.12 describe the far-field radiation for elevation and az-
imuth angles. As was above stated, for far-field ranges the calculation of the
radiation fields, involve an inverse Fourier transformation of the tangential elec-
tric fields in the aperture, to acquire f, and f,, and the application of Equations
2.11 and 2.12 to obtain the far-field radiation.

Balanis presents the equations of the inverse Fourier transformations of tan-
gential electric field as follows:

/2 ra)

_ E:ﬂa I y O)e]k(r sinfcosp+y’ szn@sm(b)dx dy (213)
—b/2 J—a/2
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b/2  ra/2 o b
fy _ / / / Eya (Z’/, yl’ 0)e]k(x sinfcosp+y’ sinfsing) dl‘/dy, (214)
b/2 J—a/2

Where a and b are the dimensions of the aperture and 2’ and iy’ are the co-
ordinates in the source or aperture. Figure 2.3 illustrates the two dimensional

aperture and its rectangular and spherical coordinates.

Figure 2.3: Rectangular aperture and coordinate systems

It is important to notice that in order to acquire the far-field radiation, tan-
gential fields measurements in x and y directions are needed, in other words,
co-polar and cross-polar measurements should be performed; however, for some
antennas the cross-polar electric field magnitudes are considerable smaller than
the co-polar magnitudes; therefore, if the co-polarization happens in y, f, can be
approximated to 0 in Equations 2.11 and 2.12, reducing, in this way, the scanning
time in half. The success of this approximation depends on the scanning window

angle truncation and the directivity of the antenna.
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2.4 Near-field to far-field transformation computations

To start the computations some information is required about the setup of the
near-field scanner. First of all, the AUT must be placed from 3\ to 5\ distance
from the probe, which should not be circularly polarized and should not have
nulls in the angular section facing the AUT, usually a good probe is an open-
ended waveguide. Once the probe and the distance probe to AUT have been
selected, the second step is to calculate the scanning window.

Also called scan area truncation, is the process to determine the area to scan
based mainly on the desired angle range validity of the computed far-field radia-

tion. The equation to calculate the dimensions of the scan area is the following.

L =D+ P+ 2Ztand (2.15)

Where L is the width and height of the scan area, D is the largest dimension
of the AUT aperture, P is the largest dimension of the probe aperture, Z is the
distance AUT to probe, and @ is the maximum and minimum angle of the valid
computed far-field radiation data, where the 0° angle is in the boresight direction

[24]. Refer to Figure 2.4 for an illustration of the parameters on the equation.
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”

Figure 2.4: Parameters to calculate the scan area

As illustrated, the scan area is a square given that the height and the width
have the same dimension. The next step is to determine the number and sepa-
ration of sample points for each dimension. The procedure consists of dividing L
by A/2; we should expect a rational number, so the next step is to approximate
the result to the closer higher natural number, this is going to be the number
of points to sample per dimension and is denoted by N. Then, L should be di-
vided by N and the result is the separation between sample points, denoted by
A, whose value is slightly smaller than \/2, fact that helps to satisfy the Nyquist
sampling criterion. An important thing to consider in this step is, if the intention
is to measure a list of frequencies, instead of just a single frequency, A should be
calculated with the highest frequency.

The next step is to start sampling the tangential fields for co and cross po-

larizations. Since the VNA will return magnitude and phase, these values should
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be arranged in a field form. The magnitude usually in dB should be converted to
linear, and the angle should be placed in the exponential multiplying the magni-
tude. Therefore, if the matrix of magnitudes for a certain frequency is M and if
the matrix for phases for a certain frequency is P, then the resultant matrix of

tangential electric field for y polarization is calculated as follows:

E, =10%¢" (2.16)

The same calculation should be done for x polarization.

The following step is to calculate the inverse Fourier transform of the tangen-
tial fields. For a discrete two-dimensional calculation, it is possible to use the
MATLAB command ifft2 which is the inverse fast Fourier transform for two-
dimensional matrices, this operation should be done for both polarizations, and
results in the wavenumber spectrums for x and y polarizations. Subsequently,
these wavenumber spectrums matrices must be transformed from rectangular to
spherical coordinates, this process is based on an interpolation between a grid of
rectangular wavenumbers and a grid of the wavenumbers transformed to spherical
coordinates.

The next step in the calculation of the fields is the use of 2.11 and 2.12, where
r has to be a large number, since it represents the far-field distance in meters.
Also, 6 and ¢ in these equations are actually matrices that were generated using
meshgrid where 0 goes from —x/2 to /2, and ¢ goes from 0 to 7.

At this point the fields are finally calculated, now it is time to present or
plot the data. So, it is necessary to select a polarization definition, in order to
determine the values to plot for co and cross polarizations. Ludwig [25] divides the
definitions into three, where the second one is actually divided in two depending

on chosen coordinate system and orientation of the pattern. We should be careful
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with the orientation of the antenna, in this system the antenna is always considered
to be radiating in the z axis, if the orientation is changed, then different results
will be obtained from the same Ludwig definitions specially for ¢ angles from 5° to
85%; additionally, the definition must be selected according to the type of antenna
under test. For further information on this topic refer to Aboserwal paper [26].
The system implemented considers Ludwig definition 2-1, 2-2 and 3, being the
third one, the one set by default. Equations 2.17 and 2.18 present the calculations
to obtain co and cross polarization using Ludwig third definition, for an antenna

which polarization is aligned in y according to Figure 2.5.

E. 5=FEy0,¢)sing + E4(0, p)cosp (2.17)

Ecross—3 = E@(‘gu ¢)COS¢ - E¢(‘97 ¢)Sln¢ (218)

Where Ey and E4 were acquired using the Equations 2.11 and 2.12. And, in
the case of a MATLAB computation, ¢ is actually the meshed grid of ¢ and 6 as
stated above.

There are different ways to present the far-field radiation data; however, the
most common one is by cuts. These cuts are sections of the radiation field at
specific and of interest angles. There are three main cuts, E, H and D. The E
cut is in the direction of the polarization of the antenna, the H cut is the cut
perpendicular to E, and the D cut is the middle between E and H, in other words,
rotated 45° from E or H, in azimuth. Figure 2.5 illustrates the cuts, where if the
polarization of the horn is aligned with the y axis, then the E cut is represented
by the blue line (¢ = 90°), the H cut by the green line (¢ = 0°), and the D cut
(¢ = 45°) by the red line. It is worthy to indicate that even when in the figure

each cut is a complete circle, we should plot just the region of the valid truncated
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angle 6.

6 =90°
¢ - 0°

Figure 2.5: Far-field main cuts

In conclusion, the near-field to far-field process can be summarized in 8 steps.

1. Find the dimensions of the scan area using Equation 2.15.
2. Find the number and spacing of sample points.
3. Arrange the magnitude and phase measurements in the wave form.

4. Calculate the inverse Fourier transform of the tangential fields to obtain the

spectrums.
5. Transform the spectrums from rectangular to spherical coordinates.

6. Use Equations 2.11 and 2.12 to calculate the far-field pattern in spherical

coordinates, where r has to be a large number.
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7. Select a Ludwig polarization definition to calculate the far-field co and cross-

polarizations.

8. Plot the cuts of interest.

2.5 Probe Correction

We have already mentioned the steps to perform the near-field to far-field trans-
formation; however, the result is not accurate, in fact, the acquired far-field is far
from being correct, especially for the angles farther away from the AUT boresight.
The issue is that the effect of the probe field has not been taken into account, so
the transformation to far-field includes coupling of the probe pattern.

The process of accounting for the probe fields and removing them from the
aforementioned far-field data is called probe correction or probe compensation.

A comprehensive analysis of the near-field measurements regarding to the
probe effect is presented by Paris [27] where the effect of the probe is considered
using the Lorentz reciprocity theorem. According to Paris, the probe is really
measuring the voltage that gets excited on the probe antenna due to the existing

fields at the tip of the probe, this is defined as such:

pB(rO) = / (Ea X Hb — Eb X Ha) - nda (219)

So
Where pg(rg) is the real signal measured by the probe, E, and H, are the
electric and magnetic fields, respectively, produced by the AUT, E, and H, are
the electric and magnetic fields produced by the probe, and n is the vector normal
to the surface of integration which is supposed to be an infinite plane between the
AUT and probe. The same definition is applied for the magnetic fields with the

same subscripts. It is important to mention that this equation neglects the effects
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of mutual coupling between the antennas and the probe scattered fields [27].
If the fields are expressed in the terms of their wavenumber spectrums, where
F is the spectrum for the AUT and G is the spectrum for the probe. Then, the

signal measured by the probe can be expressed as such:

2 oo o0 .
pe(To) = ij;ﬁ /—oo [oo kF(ky, ky) - G(ky, —ks) - B_Jk.rodkydk:v (2:20)

We can see that the argument of those integrals is the wavenumber spectrum
of pp(re). Equation 2.20 is simplified by Taybi [28], with the statement that the
multiplication of the AUT and probe spectrums is the measured signal spectrum.
Additionally, Taybi presents the spectrums as functions of the AUT to probe

distance and the selected frequency.

Pg(ky, ky,d, f) = F(ky, ky, d, f)G(ky, ky, d, f) (2.21)

From Equation 2.21 we can deduce that the real AUT spectrum can be found
from the division of the measured signal spectrum and the probe field spectrum.
However, we still need to know the probe spectrum in advance. Masters [29]
proposes a technique called probe-square-root, it explains how to acquire the probe
pattern using a near-field scanner, and states that if the probe crosspol effects are

neglected, then, the real AUT field is calculated as:

E, = (2.22)
g Eppl
ECU

E, = (2.23)
Epp2
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Where E, and E, are the co and crosspolar AUT real response, respectively,
E,, and E., are the uncorrected co and crosspolar AUT response, and E,pl and
E,p2 are the co and crosspolar probe response. These two equations match with
the statement of Taybi.

According to the probe-square-method, it is possible to obtain the probe real
pattern using a near-field system if the AUT and probe are the same antenna,
then, the real probe pattern is the square root of the pattern levels, if they are in
a linear scale, or dividing by two, if the pattern levels are in dB.

Once the probe’s real pattern is known, it is possible to remove its influence

from the measured pattern and acquire the real AUT pattern.
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Chapter 3

System design and assembly

3.1 Design

The first step in a design process is to understand the requirements, in this case,
given by Tomorrow.io. Then, after a research, the system architecture and tech-

nology should be established according to the requirements.

3.1.1 Requirements

We can divide the requirements by software and hardware. Software specifications
can be further divided into back-end, where the pieces of code that control the
system are organized, and front-end, which is the interface between the user and
the back-end.

Tomorrow.io, the company sponsoring this project, requested a software that
enable them to send commands from different computers or systems in their local
network. In other words, the system should be able to switch from manual control
(performed with joysticks), to GUI control, to remote control. On top of that,
security and privacy are needed; therefore, the local network is not connected to
the internet; hence, the program must be independent from the internet. Further-

more, the program must be structured in a way that allow to make modifications
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without compromising the functioning of other code in the program, for instance,
if the VNA is replaced by new technology or device (SDR), then, just the rules of
communication with the new device should be adapted, making our software and
system versatile and expandable.

Regarding the GUI requirements, it was very important for Tomorrow.io to
be able to visualize and download the far-field processed data for the whole AUT
hemisphere. In other words, the user is be able to analyze a 3D plot of the
computed far-field and download the 3D pattern data for copol and crosspol, for
the different frequencies programmed. Additionally, it is important for them to be
able to run a scan including both orthogonal polarizations or just one polarization,
this in case crosspol is negligible or not necessary for analysis purposes or they
want to save time at expense of one polarization information.

Not all of the software requirements were on Tomorrow.io’s side, as part of a
prestigious organization like ARRC we felt a responsibility to design a high quality
product. For us, the graphical user interface had to be designed with two main
goals in mind: to be easy to use, meaning that even new users can take advantage
of all the features of the software, and secondly, to be complete, in the sense that
provides different tools so the user can customize the measurement according to
his needs, this is the reason why the software includes, hologram projection, zero
padding truncation, analysis comparison window, ability to plot near-field cuts,
VNA monitor, and more. All the functionalities will be discussed later in this
chapter.

About hardware requirements, the requested system is a near-field planar scan-
ner aiming to work at X-band (8.2-12.4 GHz) and Ka-band (27-40 GHz) [6]. The
scan dimensions should be a minimum of 2000 mm in z-axis and 1200 mm in

y-axis. The minimum payload for the probe antenna has to be 5 kg. From the
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requested frequency band, the requirements for repeatability, accuracy and pla-
narity are set to A/50, then if the highest frequency provided is 40 GHz, we must

ensure an accuracy of at least 150 um for the whole system.

3.1.2 System architecture

The structure selected for the scanner is called inverted “7T”, like most planar
rectangular near-field scanners, it consists of a horizontal z-positioner and an at-
tached vertical y-positioner. An additional third positioner in z is considered in
order to accurately vary the distance from the probe to the AUT. An actuator to
rotate the probe is required to change the polarization, in this case, we decided
to use a rotary table attached to the z-positioner. As for the base of the scanner,
given that accuracy and stability is needed, this should be installed on a com-
pletely flat, sturdy and antivibrations surface, for this reason a couple of optical
breadboards were chosen for the base of the system.

Seeking for structural stability the vertical positioner is reinforced by two di-
agonal flat extrusions fixed one at one side of the positioner and other behind it,
forming a right triangular pyramid. This two diagonal extrusions are very impor-
tant since they serve as an alignment tool for the vertical positioner, considering
that this positioner could be tilted either towards the z or z-axis.

In addition, the center of mass of the structure should be located as low as
possible to the floor and as close as possible to the vertical positioner to minimize
vibrations. Therefore, the z-positioner was designed to be a short mechanic piece
next to the y-positioner.

To protect the scanner parts and surroundings, it is necessary to install a
sensor that stops motion when the probe reaches the limits of each positioner.

Fortunately, all positioners come with physical limit switches for each end. Unlike
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the positioners, the rotary table does not includes limit switches, in this case, its
movement has to be restricted by software, so we do not provide a joystick for
probe rotation.

Given that this system is intended to work up to 40 GHz, long RF cables from
the equipment rack to the probe are not the best solution, phase and magnitude
variations for 40 GHz are around 0.5 dB and 10°, respectively, due to the probe
movement during a scan; therefore, for a more stable and reliable measurement
frequency extenders (FE) are required. Each FE must be installed in the closest
possible area to its antenna, probe or AUT. For this reason a plate attached to
the rotary table holding the frequency extender and the probe was considered in
the design, in this way the probe rotation includes the rotation of the frequency
extender connected to the probe by a semi-rigid 1.85 mm RF cable.

Due to the metallic nature of the scanner, absorbers must be attached pri-
marily to the areas facing the AUT or where diffraction could occur; hence, three
main areas where covered. The first one is the vertical structure compressed by
the vertical positioner and diagonal stability structures, a series of plates where
installed to the vertical structure with the use of aluminum spacers, then adhesive
velcro tape was sticked on the plates so the absorbers can be easily attached or
removed; the second one, is the area where the horizontal positioners are, a row
of absorbers was installed in front of the breadboards, these are intended to cover
the horizontal positioner and part of the breadboards; the third area and most
important one is surrounding the probe. Some considerations should be followed
in order to do not alter the probe gain [30]. This absorber is also called “probe
collar” and the idea is to cover the metallic structure holding the probe. Special
3D printed brackets to hold the probe collar were design, in this way the absorbers

can be installed and uninstalled easily.
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An important component of the scanner are the cables, from the vertical axis
alone there are twelve coming out of the FE, encoders, motors and limit switches.
It is essential to arrange them in such a way as to apply the least amount of torsion
and tension to them and also to cause the least amount of interference with the
scanner structure. To this end, the design took into account the cable tracks as a
way to allow movement but at the same time have them organized and protected.

The final part of the system architecture design is the equipment rack, a cor-
rect organization of the devices in it is essential. The devices arranged are the
computer, keyboard, mouse, monitor, VNA, UPS, motor controllers, encoder read-
outs, emergency stop button circuitry, start/stop button and the joysticks. The
motor controllers, encoder readouts and start/stop button are planned to be at
the top, in a section called control panel, from where the user will be able to
manually control the scanner movement, configure some encoder parameters and
start or stop the system. The idea of the front panel is that it should be at a
height where the user does not need to stoop to operate the system; therefore,
the rack height should be slightly lower than the average human height. Below
the control panel, the VNA is located, the reason for this position is mainly be-
cause from each port there are four RF cables running to the FEs, in order to
protect these connections, these cables need to be in a place away from accidental
movements of the user’s limbs, chair or bench that may damage the connections,
This is also at a height were the user can comfortably modify the connections
(When the system has to go from X-band to Ka-band or viceversa). The section
below the VNA is perfect for the keyboard and mouse, as this height is ideal for
a standing person to type. For the keyboard, a compact and retractable one was
selected, which also comes with a mouse pad. Typically, monitors in server racks

are small, so a regular 27-inch monitor was install using a retractable mounting
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bracket to one side of the rack. Right under the keyboard, the computer tower is
installed in the rack, followed by two drawers, this are intended to store different
scanner associated stuff such as tools, maintenance material, spare parts, VNA
calibration kit and manual. Finally, at the lowest section, the UPS is located,
which serves to lower the rack center of mass given its heavy weight. The rack

has casters, in case it is necessary to turn it for maintenance.

3.1.3 Technology

This section presents and collects the specific chosen devices for the scanner.

One of the critical parts for the system are the horizontal BiSliders, a linear
positioners that can move forwards and backwards, they should be sturdy and
strong enough to move the parts over it, they should provide a large range of
motion, and at he same time they should be able to work for long periods of
time keeping its accuracy. The best option for this task would be a lead screw
driven BiSliders; however, this kind of actuators have a limited range of motion;
therefore, a belt-driven BiSliders was selected. The horizontal axis consists of two
belt-driven BiSliders made of hard anodized aluminum extrusion, one of them
has a stepper motor and transmit the movement by a shaft that connects them
both. Figure 3.1 presents the BiSliders and its features. It is remarkable the
anti-backlash technology and the stainless steel reinforced, polyurethane precision
timing belt of the Velmexr BiSliders, making them ideal for our purposes. The
BiSliders have two cables, one six-wire cable for the stepper motor and a four-
wire cable for the limit switches.

One of the special features of the Velmex BiSliders are the mechanical limit
switches incorporated at both ends of the positioners, they work as over-travel

protection and as reference for homing. These switches can be relocated. Their
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implementation in a BiSliders can be seen in Figure 3.1 (little blue lid block).

Features - Belt Driven BiSlide® — Longer travel distances at higher speeds

Roller Bearings — 90" Mounted Motor — Mounted 90° to the linear traverse, o heavy-duty
bearings constrain mater/gearbox can address a variety of application requirements with a

the the pulley to assist direct drive or integrated gear reduction aptions.
in keeping the belt in
alignment.

Belt Clamps — Heavy duly belt clamps attached to the carriage
maintain the belt alignment for a smooth operation.

Carriage (Slider) - Hard aluminum alloy
construction, large and versatile mounting surface
suitable for carrying a wide variety of payloads.
Eight threaded attachment holes for securely
fastening the load. Four accessory holes for a limit
switch cam or other sensors.

StabiNut™ — A Velmex exclusive delivers o sofid,
low friction connection between the lead screw and
carriage. It features an anti-backlash design with a
fine mesh adjustment for responsive rotary to linear
translation.
Drive Pulleys - Stainless
steel drive pulley and return
pulley drive the timing belt
for smooth efficient transfer
of power.

45° Opposing Ways — Opposing way
design provides maximum rigidity in any
direction.

Timing Belt — Stainless
steel reinforced, poly-
urethane precision
timing belt for less weer
and long life.

Carriage Fit — Four adjustments for fit and
wear compensation; keeps carriage in paroliel,
reduces binding and weor.

PTFE Slider Bearing Pads - super slick PTFE compound lowers
friction for smooth, precise linear movements.

Dovetail Base — Hord alloy aluminum I-beam design with dovetail ways for
maximum stiffness and strength. Hard anodized to be corrosion resistant
and impact tolerant for longer life. Light-weight, yet rugged at o low cost

T-Slots - The Velmex T-Slot system allows BiSlides to be easily reconfigured or expanded
for different projects. Multipie universal T-slots allow for multiple attachment
possibilities including framing, cleat or side mounting, limit switches and creating
tandems and parallel config The T-slots aecy T-nuts, bolts and cleats
for moximunm flexibility and versatility.

Longer Lengths and Faster Speeds- The combination of o Velmex BiSlide Assembly and the heawy duty belt drive
enable longer lengths (up to 220”) ond faster travel speeds (up to 3 meters per second with direct drive.)

Figure 3.1: Belt Driven BiSlide (Courtesy: Velmex, inc)

For the y and z-axis we are using a lead screw-driven linear positioner, unlike
the belt-driven, the screw-driven is made for heavier loads, higher precision but
lower speed and range. Figure 3.2 presents the y and z-axis bislider features. The
difference between the y and z, is that the screw threat for the y-axis is finer,
which means higher accuracy, according to the manufacturer, the accuracy is 76
um for a travel of 25 cm. The maximum cantilevered load capacity for a dynamic
load is 56.5 N - m.

For the ¢ movement the Velmezr B48 series rotary table was chosen. This rotary
table is excellent given the high accuracy (100 arc-second =~ 0.03°), repeatability
(1 arc-second ~ 0.0003°) and load capacity in a vertical configuration of 11.3 kg.

Refer to Figure 3.3 for an illustration of the rotary table.
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Features - BiSlide® — Modular Versatility for Infinite Configurations

Motor Plate - A
four-bolt design
securely attaches
the motor. Manually
-operated models
feature a knob or
knob and digital
position readout.
Integral to the knob
is a convenient,
retractable handle
Knobs and readouts
are interchangeable
with motors and limit
switches for easy
retrofitting in the field
without special parts
‘or machining.

Coupling -
Precision-honed
te provide a rigid
motor to lead
screw mating
and keep them
aligned.

Lead Screw - Precision Carriage Fit -
lead screw constructed | Four odjustments
with rolled acme thread | for fit and wear
and hard nickel-plated compensation;
for smoath, trouble- keeps carriage
free operation and long in parallel,
life. Manufactured by | reduces binding
Velmex. and wear.

Carriage (Slider) - Hard aluminum
alloy construction, large and
versatile mounting surface
suitable for carrying a wide variety
of payleads. Eight threaded
attachment holes for securely
fastening the load. Four accessory
holes for a limit switch com

StabilNut II™ — A Velmex
exclusive delivers a solid, smooth
connection between the lead
serew and carrioge for straight
travel and long-term stability. it
features an adjustable mesh to
fine tune and minimize backlash
without remaving the payload.

Roller Bearings -
preloaded, thrust
bearings constrain
the lead screw
axiolly and radially.
Designed for high
capacity and
impact resistance.

or other sensors.

Support
Bearing
— Delivers
the right
combination
of constrain
and anti-
vibration to
support the
lead screw
for smooth
operation.
T-Slots - The Velmex
PTFE Slider T-Slot system allows End Plate —A
Bearing Pads Bislides to be easily convenient way
- super slick reconfigured or to mount @
PTFE compound exponded for different Bislide assembiy
lowers friction projects. Multiple onend. The
for smoath, universal T-slots allow four-hole pattern
Dovetail Base — Hard precise linear for multipie attachment | easily mates
alloy i I-beam ibif including with other
design with dovetail framing, cleat or BiSlide carriages
ways for maximum side meunting, limit and T-slot
stiffness and strength. switches and creating «components to
Hord anodized to be tandems and parallel create tables
corrosion resistant configurations. The and other
and impact tolerant T-slots accommodate support along
for longer ife. Light- Tnuts, boits ond cleats | with a multitude
weight, yet rugged Sor maximum flexibility of multiple axis
at a low cost. and versatility. configurations.

Figure 3.2: Screw Driven BiSlide (Courtesy: Velmex, inc)

Figure 3.3: Rotary table (Courtesy: Velmex, inc)

All these actuators need a special controller provided by Velmex, called VMX.
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This controller mainly generates electric signals to drive the motors, based on a
set of commands. Each controller can drive a maximum of two stepper motors.
These controllers receive commands from the computer through a RS-232 to USB
cable. Two special features from these controllers are their capability to store

sequences of movements, and its front panel that allows manual control of the

driven motors. Figure 3.4 illustrate the VMX and presents its features.

Features - VXM™ Stepper Motor Controller

Host Computer Indicator
= The Velmex VXM System
can be used interactively
with a PC, Tablet, Lop-

top or PLC or can run
stondalone. The LED
indicates whether a host
computer is controlling
the movement or if the
VXM is in control.

e

buttons
button)

not con
buttons

Coordinated
‘mation —

with two VXMs
connected vig the
VXM bus, two

axis mavement
can be controlled
ot the same time.
Motion created
can be arcs,
angles and circles.
Plug and Play
operation makes
the 1st VXM the
“master” for 3 and
4 motors.,

VEimex ...

VXM Steppir
v
Do B0 fua e

LED Indicators
- At-g-glance

Stop/Start Buttons — status indicators
Easy to activate buttons monitor power
stop/interrupt the fon) and host
program or start the computer
program internal to the control
VXM, connection.

Additional VXM Features:

Powerful, yet small and compact, delivering
value at a low cost.

Easy to use command structure. Intuitive,
comprehensive command instruction set,
makes it easy to program.

Higher rated motor drives for long life and
overload tolerance

Resonance-free motor torque from modulated
current control. Has less low speed vibration
than typical 400 stepfrev controllers.
Nonvolatile memary for storing five user-
created programs

Maotor 1 Control — Control
movement clockwise (right

wise (left-button). When

(slide) to be jogged a step.

19 Motor Controller

MCU - Single chip micro-
controller (MCU) digitally controls
the motor phase switching and
all other interface functions.
Noise sensitive step and

direction translation circuitry are
eliminated. {Internal)

Power Supply - Regulated
power supply (standard) with
a 100 to 240VAC input range
assures consistent metor
output torque. Low voltage
24VDC operation for efficient
energy savings. Is UL, CE,
CSA and TUV safety agency
compliant.

direct Mator 1
or counter-clock

nected on-line, the
allow the motor

e Motor Cables — Easily Limit Switch

controls two motorized Connections
Veelmex slides or tables, — Easily read the
one motor at a time. limit switches
Connecting a second on the slide and
VXM through the bus subsquently
allows control of up to program

accordingly.

four motors
Motor 2 Control — -
Control buttons direct
Motor 2 movement
clockwise (right
button) or counter-
clock wise fleft-
button).

T
Limits2_

External Power Supply

— Low voltage 24VDC
operation. Saves energy —
automatically powers down
motors ot a standstill
consuming enly 1.4 watts

Auxiliary Inputs
and Outputs
— Easily use the

convenience of a
Joystick or ather
control or sensor.

RS-232 - Entire programs
con be transferred to the
VXM over the RS-232
interface. The VXM will
retain the downloaded
program(s) in memory

until cleared. The VXM 10 bit anolog input

is also USB compatible for external sensor,

via @ R5-232 to USB setting speed or an
connection. analog joystick.

Figure 3.4: VMX controller (Courtesy: Velmex, inc)

The next items on the list are the encoders and their readouts.

The
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tioning principle of this incremental encoders used in the system it is magnetism.
Basically, there is a magnetic strip attached to the to the extrusion, with small
positive and negative magnetic poles sandwiched in between. Then, the encoder
is fixed on the magnetic strip on the moving plate or carrier, so, when the system
moves through the aluminum extrusion, it detects the change of polarization and
in this way it can measure the distance traveled with a certain resolution that is
given by the size of the magnetic poles. These encoders are connected to Velmex
readouts called VRO, their task is to process the signals coming from the encoders
and convert them into distance in either inches or millimeters, the distances mea-

sured are sent to the computer by an RS-232 to USB cable.

Computer Connection — Connect
taa PC, loptap or tablet via the
optional RS-232 to US8 interface
or run standalone for added
convenience. Function as
display for external computer
commands and messages for
odded versotility.

Display - High
visibility. Wide
angle view for easy
readability. The high
contrast display is
easily read in direct
sunlight.

Readout — Output for direction, Encoder Interface - VRO Enclosure —
axis and unit of measure displays High speed interface Black anodized
up to nine digits (not including with connected aluminum
decimal point) in either inches encader at 1.6 Mhz enclosure for

or metric. Display labels are user ~ fast data return. strength and
programmable for scale, decimal Reads ane axis with durability:

Pplace axis and units to meet one interface or two Lightweight.
specific application requirements. axes with a second
connection.

Power Supply
~ Universal AC
power supply

independent
of the stage’s
power supply.

Pictured: Single Axis VRO

Tilt Base - Optional tilt base or
T-slot hinge allows mounting/

Auxiliary Connector Program Buttons — placing where most convenient.

- VRO functions can Easy to activate buttons With the hinge, the VRO can be LED Status Indicator
also be controlled start/send; clear/ added to the frame or structure - At-a-glance status
via @ 2-tob remote change; end set-up of a Velmex BiSlide. Tilt angle indicator monitors
for operator and readings from the changes view for added visibility | connection to
convenience. encoderfs). and operator comfort. encoder.

Figure 3.5: VRO encoder readout (Courtesy: Velmex, inc)

The main RF components are the VNA and FEs. For the VNA we selected the
Copper Mountain C4220, a two port VNA which works from 100 KHz up to 20
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GHz, its dynamic range is 133 dB (10 Hz IF BW), the measurement time per point
is less than 10 us and it’s compatible with a frequency extension system. The FEs
selected are the Copper Mountain FET1854, they can extend the frequency up to
54 GHz. The dynamic range is 130 dB (10 Hz IF BW), and they take less than 10

us to do a measurement. Figure 3.6 shows the VNA and FEs connection setup.

Figure 3.6: Setup of the C4220 VNA and the FET1854 extenders

The equipment rack front panel was designed to show the controllers front
panels, the readouts and a button to toggle between start and stop. For the
connection of the scanner start-stop button and the emergency stop button an
electric circuit was designed based on a type of relay called contactor. Figure 3.7
presents the electric connections diagram for the start and stop of the scanner.
When the “START?” is switched the coil is energized and the K contacts close
energizing the power strip. If the emergency stop is pushed, the coil is de-energized
and the K contacts get open. L, N and PE terminals represent the Hot, Neutral

and Ground lines, respectively.
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Figure 3.7: Electrical diagram for start and stop of the system

The selected probe for Ka-band is an open-ended waveguide manufactured by
Microwave Vision Group. The waveguide band is WR28, so it can work in the
26.5 to 40 GHz frequency range. The probe for X-band works in the WR90 band,
so it can work properly between 8.2 and 12.4 GHz

The last important piece of equipment mentioned in this chapter is the UPS.
It will extend the system runtime to 5 minutes (for a system that consumes 1350
Watts) in case of a power outage . In addition, the UPS automatic voltage reg-
ulation feature helps to extend the span life of the connected devices. This UPS
also comes with surge protection and its battery lasts an average of 4 years and

the type is lead-acid.

3.2 Assembly

The assembly process starts by placing and aligning the optical breadboards on

the floor, next to each other leaving a space of 10” between them, this is given
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that this gap allows the cables for the AUT system to pass through the scanner
going directly from the equipment rack to the AUT fixture, this 10 inches it is also
required to cover the majority of the length of the BiSliders. The breadboards
function is to provide a solid flat stainless steel surface with threaded holes to ease
further machinery installation on top. It also incorporates side panels that dampen
vibrations. To make sure both breadboards are at the same level, considering the
floor is not perfectly flat, four heavy-duty adjustable furniture leg levelers were
attached to each corner of each optical breadboard. Then, with an [-Beam level
and with a self-leveling cross line laser level, the team managed to level both
optical breadboards at the same height throughout the whole surface. Figure 3.8
shows both breadboards being aligned; also, to enhance the laser visualization,

the room lights were turned off.

Figure 3.8: Horizontal system alignment (Courtesy: eMWave-tech)
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The next step is the installation of the linear positioner belt-driven BiSliders,
which perform the movement in the z-axis, these two belt sliders are bolted down
to the breadboards by the use of special cleats whose separation is determined by
the load and the travel length (more information can be found on Velmex website).
These belt sliders are mounted on the middle of the optical breadboards, they are
separated ten inches. Given that just one of these belt sliders has a stepper motor,
the motion is transmitted to the other through a shaft . In order to measure if the
BiSliders are as much parallel as possible, a magnetic dial indicator was mounted
on the moving plate (also called carriage) and the tip of the indicator was touching
the adjacent slider, the indicator was set to zero and it was moved from end to
end. The registered variations were less than the maximum allowable error of 150

pum. Figure 3.9 illustrates the first stage of the scanner assembly.

Figure 3.9: x-axis linear positioners mounted on the optical breadboards

Then vertical screw-driven slider is bolted down to the moving plate of the
horizontal slider and is supported by two diagonal extrusion large rectangular
plates, forming a trirectangular tetrahedron, this geometry provides stability to
the moving parts in the y-axis. As was mentioned, this positioner must be aligned
to ensure it is as much perpendicular as possible to its base. For this task a line

laser level was used. Figure 3.10 shows the vertical positioner being aligned.
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Figure 3.10: y-axis linear positioner alignment (Courtesy: eMWave-tech)

The y screw-driven positioner has a moving plate, which holds the z screw-
driven positioner, this is attached by cleats, allowing an easy reconfigurable z-axis
origin. Then, a extrusion of 10.5” long is attached to the z-axis positioner by the

use of cleats as well. A flat aluminum square is bolted at the top part of the
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extrusion, which serves as a mounting plate for the rotary table. The extrusion
is necessary to elevate the rotary table from the z positioner in order to avoid
collisions when the probe is rotating. Figure 3.11 presents a CAD model of the

discussed structure section.

Figure 3.11: Rotary table attachment

The center of the probe should be the exact center of the rotary table to
eliminate any misalignment after probe rotation, with that consideration in mind,
the hole patterns of the frequency extender bed walls should be design so that the
centers align. One of the bed walls is bolted to the rotary table, and the probe
is bolted to the opposite bed wall. An exercise was performed to test the correct
alignment between probe an rotary table, it consist of marking the probe side
center with a laser and then rotate the probe 90° and check if the laser stills mark
the probe side center. As can be seen in Figure 3.12, the probe is still pointing
the same position after 90° rotation.

Another important part of the system are the cable tracks, also known as drag
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Figure 3.12: Probe side center for both orthogonal polarizations (Courtesy:
eMWave-tech)

chains, which organize and protect the cables from dangerous stresses, twists and
obstructions, especially when the scanner is in motion, as the tracks enclose the
cables, providing a defined and smooth path for them to move and bend. Two
cable track chains were installed in the system. One for y-axis motion and one
for xz-axis motion, for the z-axis no track was required given the short distance

motion variation. Figure 3.13 presents the scanner CAD model with the cable

tracks included.
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Figure 3.13: Scanner system with cable tracks

Not just cable tracks were used to protect and organize the cables, but loom
tubes were also utilized in areas were the installation of cable tracks was difficult
or areas where motion was not expected.

RF absorbers are structures that attenuate and absorb electromagnetic waves,
they are essential in any antenna measurement system due to their ability to
greatly reduce the reflections of electromagnetic waves from unwanted directions.
Some of the characteristics to take into account when acquiring absorbers are the
absorption level, being able to present reflectivity levels higher than -50 dB [31];
the operating frequencies, and the robustness, in our case, the pyramidal foam
absorbers for interiors are optimal.

We have considered tangential fields coming directly from the AUT at the
probe tip when performing the mathematical transformations from near-field to

far-field; therefore, we must do our best to keep the behavior of the system as
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close as possible to the approximation to facilitate the calculations, this is why
absorbers are so important. The absorbers had to be placed mainly covering the
metallic structures facing the AUT and also had to be placed in the areas where
diffraction could occur. For this reason pyramidal absorbers were attached to the
base of the scanner perpendicular to the ground, thus covering the metal areas of
the optical bredboard. Additional absorbers were attached to the vertical linear
positioner of the scanner, as this is made of aluminum and must also be covered.
Finally, additional absorbers are needed behind the probe to cover all the metal
equipment behind it, such as the frequency extender and the z-axis positioner.

Figure 3.14 presents a CAD model of the scanner with absorbers included.
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Figure 3.14: Scanner system with absorbers
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At this point the scanner structure is built. The next step is mounting the
equipment rack. The rack was purchased from Rack Solutions, it is a thirty unit
high open frame server rack with casters installed. As mentioned in the first
chapter, at the bottom of the rack a two unit UPS was installed to keep the
center of mass lower, then there is a three unit enclosed empty space, then a
three unit drawer, then a one unit enclosed empty space, an extra three drawer at
the top, then a one-unit shelf holds the computer tower in a four-unit space, and
above that is a retractable shelf that holds the keyboard and mouse. The monitor
was installed at one side of the rack with a retractable mounting bracket, so it
can be deployed to the one side of the rack. Above the keyboard compartment,
another fixed shelf was installed, and our three-unit VNA was bolted on top.
Now, since the VNA ports are on the front and all cables must exit out the back
of the server, a panel with female to female SMA adapters was placed on top
of the VNA in a two-unit space, so we can connect semi-rigid SMA cables from
the VNA to the panel and then additional RF cables can be connected from the
back. This is the same thing the NSI system does in their equipment racks for the
VNA connections. In our case there are four connections per port given that we
are using frequency extenders. Finally the last part of the rack is the, six units
height, control panel. It is very important because it allows manual operation of
the scanner movement, it also shows the exact position of the probe on z, y, and
z-axis thanks to the encoder readings and, there is a switch button to turn the
system on and off, which is located in the center of the panel. This panel was
design but its engraving was made by an external business. Figure 3.15 shows a

picture of the equipment rack and the monitor deployed.
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Figure 3.15: Equipment rack (Courtesy: eMWave-tech)

Inside the rack there are three power sources. The first and main one is the
UPS. Two power strips are connected to it, one power strip is connected directly
to the UPS and is located halfway up the rack, it facilitates the connection of the
computer and the VNA. The second power strip is commanded by the start/stop
button of the control panel and the emergency stop button. The controllers,
encoders and readouts are connected to this strip. Therefore, pressing the emer-
gency stop will turn off everything except the VNA and the computer, the same

applies to the start/stop button. The VNA and the computer must be shut down
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properly, for this purpose they have a separate power strip. To shut down the
entire system, the user must turn off the UPS by pressing the power button on
the front of the UPS.

The electrical circuit components (contactor, terminal blocks, twelve-volt power
supply) were mounted on DIN rail inside the rack. And the cables were enclosed
in slotted cable ducts to keep the inside of the rack organized.

All cables are connected to metal male aviation connectors to a rear panel
located at the bottom of the rack. This was designed to facilitate installation
of the system after shipment, as cables from the scanner system need only be
connected to the rear panel, rather than routed inside the rack. It also increases
system versatility by facilitating equipment rack relocation. Figure 3.16 shows

the rack back view during its assembly process.

Figure 3.16: Equipment rack back view (Courtesy: eMWave-tech)
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Some additional equipment such as joysticks were installed to control the probe
movement manually if the front panel of the rack is not used. The joysticks can
control the x, y and z-axes, but not the rotary table, this is because there is no
encoder for the rotary table and it is not possible for the software to know the
movements performed manually. In addition, the rotation is locked in software for
angles beyond 90°, but there is no sensor to physically lock the rotation to 90°.
Therefore, manual control of the rotary table is not allowed.

The system also features an emergency stop button connected to the rack with
a long cable, this button can be easily relocated or could be held by the user in any
critical scan where a quick stop is necessary. This button can be seen in Figure

3.15 on the floor, at the right side of the rack.

3.3 Software development

3.3.1 Frameworks

MATLAB is a computing environment and programming language, one of its
applications is the design of graphical interfaces through the app designer tool.
MATLAB app designer was chosen over other programs such as LabVIEW or
Python, given the number of existing libraries and scripts for NF antenna scan-
ners, and MATLAB’s powerful data processing, plotting capabilities and, most
importantly, team experience.

As for TCP/IP communication, Python was used to create the server and the
external clients. This is because Python is an open source software whose libraries
related to connections using the TCP/IP protocol are free of charge, which is not
the case with MATLAB, whose library for creating a server is actually a toolbox

that must be purchased in order to use it.
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Three libraries were used in Python, sockets, Tkinter and Threading. Sockets
are endpoints for sending or receiving data using different protocols such as UDP,
ICMP or the one we are using which is TCP. A socket is a combination of an IP
address and a port number. It is typically used for communication between local
and remote devices. Tkinter is a library that allows to create GUI applications, in
the program, it was used to create the command text box, the button to send the
command and the history text box, where the user can review previous commands.
Threading is a very important library that allows different parts of the program
to run at the same time, in this case, it is used to allow multiple user connections

to the server.

3.3.2 GUI

This GUI is divided in six tabs, a lower console that displays the GUI messages and
a lower panel that informs about the operation mode. The subsequent sections

describe each of these areas of the GUI.

Home

In order not to overload the user with different options or functions as soon as the
software is launched, the introductory welcome page was designed in a minimalist
and concise way. The user finds just two buttons for simplicity, “Start”; clicking
it will redirect the user to the next tab; “Documentation”; clicking it will bring
up a folder containing manuals, datasheets, list of materials and other useful

information. Figure 3.17 presents the Home tab.
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X /Ka-Band Scanner System
Home | SystemSetup | Mear-Field Measurements  Data Transformation  Analysis  Sefiings
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DOCUMENTATION

STATUS Wielcome to the Ka-Band Scanner GUI
To start set the system in System sefup tab

| Clear |

Server Units: Deg / mm

Figure 3.17: Home tab

System Setup

As the name suggests, this second tab allows the user to prepare the scanner
system to start a measurement. This preparation basically consist of connecting
external devices such as the motor controllers, readouts, VNA, and/or TCP/IP
server to the GUI; to center the AUT and probe; and to set the scanner center of
coordinates.

Now, we start the detailed explanation of the GUI content for the present tab,
please refer to Figure 3.18 for better understanding. The left section contains the
controls for external connections (motor controllers, encoder readouts, VNA and
other computers through TCP/IP). In the first subtab called “Scanner” There are
four drop-downs, designed to help the user to select the associated COM port to

the motor controller or encoder readout. Next to them are four indicators, which
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will turn green if the connection is successful, red if they are disconnected, blue if
the motor is moving or yellow if the controller is busy. The default COM ports are
those currently associated with the controllers or encoders, but the drop-downs
are there in case the system is modified. Below, on the same panel, is a button to
activate the joysticks. Activating the joysticks will disconnect the user from the
motor controllers, the user may want to click “Connect” after using the joysticks.

In the middle section the user can control the motion of the probe through
positive or negative increments by typing the increment in the text box and then
clicking one of the buttons at the right side; however, there is a restriction for
the motor 4 or rotary table, it does not allow to rotate it more than 90° or less
than 0°. The user can also find seven predefined functions, these are “Go to limit
switches”, the probe will move in the negative direction for z, y and z-axis until
it reaches the limit switches; “Find center”, the probe goes to a limit switch, in
the axis selected, and once reached it moves half the maximum distance (This
command should be reconfigured if the limit switches are repositioned); “Set zero
Position”, thanks to this button the user is able to set the origin for each axis; “Set
Copol Center” and “Set Crosspol Center” are two buttons that define where is the
center for the copol and crosspol measurements, these two buttons are necessary
for higher accuracy given the small misalignments between the rotary table center
of rotation and the probe center; the “Go to copol center” button, the probe
redirects to the previously defined copol center; “STOP SELECTED MOTOR”,
if this button is clicked and the selected motor was running then it decelerates
the motor until a complete stop, bear in mind that this button just stops the
selected positioner in the drop-down above the scanner picture. At the bottom of
this section the positions of the probe for each axis will be displayed and updated

automatically if any movement is done through the GUI, if the movements are
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executed by an external mean (joysticks, jog buttons or by hand) you can click
the “get current positions” button to update the positions.

The right section starts with a drop-down at the top, allowing you to select
the linear positioner to set or control in the middle panel. Below there is a picture
of the scanner with the coordinate system reference at the top left corner. When
a motor is selected the picture gets updated underlining with a red line the axis

selected and the positive and negative directions.

X /Ka-Band Scanner System
Home  SystemSetup | NearFieldMeasurements | DataTransormation | Analysis | Setiings

External connections

Scanner | VNA  TCPIP —_—
Positioner Selection [LPX (M1) v

Controller 1 [ COM4 v

Controller 2 [ COMS v

Readout1  [COMG v

Readout2  [COMT v

|’ Activate Joysticks

Activating the joysticks will disconnected you
from the controllers

STATUS ‘Welcome to the X / Ka-Band Scanner GUI

To start set the system in System setup tab

[ clear |

Server Units: Deg / mm

Figure 3.18: System setup tab

The “VNA” subtab (Figure 3.19a) located in the “External connections” panel,
has a drop-down to select the parameter to measure (the default is S21 given that
the designated port for the AUT is the port 1 and for the probe is port 2).
There are a connect and disconnect buttons and three field boxes to define the
frequency list. Once the connection is successful, the grey indicator next to the

“VNA Status” label turns green. In addition, there is a spinner to configure the
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average factor, this is the number of samples the VNA average per frequency point
before sending the magnitude and phase data to the GUI.

The “TCP/IP” subtab (Figure 3.19b) located in the “External connections”
panel has a button for connecting to the server and a button for disconnecting.
TCP/IP communication responses are displayed in the status console.

External connections |

External connections |

Scanner | VNA | TCPIP Scamner | VNA | TCPIP
Parameter | 521 v
| Connectto server |
| Finish connection |
| Connect |
| Disconnect |
Start Frequency (GHz) 27.000
Stop Frequency (GHz) 40.000

Number of points 14

Create Frequency List |

Average Factor m = '_

VNA Status

(a) VNA connection subtab (b) TCP/IP connection subtab

Figure 3.19: Subtabs in the “System Setup” tab

Near-Field Measurements

After clicking “Create new scan” button (left menu in Figure 3.20), frequency,
AUT dimensions, far field angle, probe dimensions and AUT to probe distance
should be selected and defined (refer to Figure 3.21a). By clicking the “Auto Scan
Setup” button, the scanning range, delta, and number of points for the scan, are
provided.

The scan center is automatically filled when the copol center was defined in
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the previous tab. At the botton of the same subtab the polarization sense can be
defined, this will depend on the antenna polarization orientation, in other words, if
the antenna co-polarization orientation is parallel to the xz-axis, this can be defined
in that drop-down. In this way the scanning will start measuring copol first, this
is specially important if hologram projection is needed since the algorithm will
take the first set of data (before probe rotation) to calculate hologram projection.

The subsequent subtab (refer to Figure 3.21b) was designed to allow the user
to further analyze the near-field data after a scan is finalized. The first feature
is the field truncation, basically the user can replace the near-field magnitude
values with very small values in  and y-axis independently, this is also called
zero-padding an allows an improved resolution of the far-field radiation pattern
in terms of resolution. Then, the features behind permit to plot cuts or slices of
the 2D near-field magnitude data, this cuts could be either along the x or y-axis.

Going back to Figure 3.20 in the middle there is a series of small panels. Their
function is to permit the user to customize the measurements. The first panel,
starting from the top, is titled “Scan Copol and Crosspol”, and the options are
single and both polarizations, there, the user is able to select between a scan
of two orthogonal polarizations or just one polarization, either copol or crosspol
(this can be configured in the “Polarization Sense” drop-down in the subtab of
Figure 3.21a). The following panel is titled as “Raster Scan Mode” the user is
able to select between a raster scan with horizontal or vertical retrace. The next
panel is titled as “Scan Technique”, here the user is able to perform a park and
probe scan, where the probe stops at each sample point to take measurements for
each defined frequency. The other option is the continuous scan, the system will
take the measurements along the continuous probe movement through the scan

window. The way how the systems knows where to start the measurements is by a
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timer. It is important to mention that the continuous scan option is implemented
in Python, so the near-field plots are not going to be populated during the scan.
Once the scan is finished the user is asked to save the data in a file, then, the user
can import this file into the GUI to analyze the continuous scan data. Finally,
the last panel titled as “VNA Monitor” is an extra function to check for the SNR
in the position where the probe is located. Pressing “Start” again will stop the
SNR measurements.

The button above the panels discussed in the last paragraph is to switch be-
tween the copol and crosspol plots (plots at the right side of this window). This
should be used once the scan is completed or after data was imported.

The “Import Data” button is at the top left corner, and the “Export Data”

button is at the bottom left corner.
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35 - - ; Phase
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Claar

Server Units- Deg / mm

Figure 3.20: Near-Field Measurements tab

On the left menu there is a green button, clicking on it starts the scan and the
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graphs titled “Magnitude” and “Phase” start populating with the measurement
data, once it finishes for one polarization, the graphs go blank and start populating
again for the new polarization. To switch to the latest polarization data, the user
can click on the button labled as “Copol”, then the button will change its name
to “Crosspol”, indicating that clicking it again will change the graphs to contain
the measured crosspol data (we assume that copol is measured first).
Additionally, in the left menu there is a red button, clicking on it stops any

scanning in progress. This is a safe way to ask the program to stop scanning.

Frequency Scanning Setup MF Post-Process Frequency Scanning Setup MNF Paost-Process
X Y
Field Truncations
AUT Dimensions 0.000 0.000
Padding Value (dB) -120
Far-Field Angle +- 0.000 0.000
Padding X Numper | 0] %]

Probe Dimensions 0.000 0.000

Padding ¥ Number DI}{

AUT - Probe Distance 0.000
Auto Scan Setup
Scanning Range 0.000 0.000 Cutalong X Cutalong Y
Scan Center 0.000 0.000 Y Position [mm] X Position [mm]
] 0
Delta 0.000 0.000
Number of points 0.000 0.000 | 1D-X | | 1D-Y |
Polarization Sense | ¥-Copol | X-Crosspol v
(a) Scanning Setup subtab (b) Polarization subtab

Figure 3.21: Subtabs in the “Near-field Measurements” tab

Data Transformation

After clicking the “NF to FF” button in the “Near-Field Measurements” the pro-
gram starts the transformation with the measured data and according to the

Ludwig definition selected, once finished the GUI automatically opens the “Data
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Transformation” tab and presents the three principal cuts for copol and crosspol
in the “Radiation Patern” subtab. The user can modify the minimum and maxi-
mum magnitude and angle for the radiation on the plot. As can be seen in Figure
3.22, below the plot there are six check boxes that allow the user to hide or show
each of the principal cuts. There is also a button to export data to a spreadsheet
with the the data shown in the plot.

In the left menu the user can change the Ludwig definition, the options are
“Ludwig 3”7, “Ludwig 2-1” and “Ludwig 2-2”, and by clicking the button “Re-
calculate” The updated pattern will appear in the radiation pattern plot.

In addition, if the user hover the cursor over the radiation pattern plot, five
small icons appear at the top right of the plot, allowing the user to pan, zoom in,
zoom out, export as an image or return to initial state.

X /Ka-Band Scanner System

Home | SystemSelup  MearField Measuremenis  Data Transformation | Analysis  Setfings
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a0k | Export to Analysis ‘

| Export to a Spreadsheet ‘
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0
Angle [deg]
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STATUS Welcome to the X / Ka-Band Scanner GUI
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Figure 3.22: “Data Transformation” tab

Regarding the “Hologram Projection tab”. As can be seen in Figure 3.23 there

64



is a plot for magnitude and another for phase. Below them there are drop-downs
where the user can select between “Magnitude E”, “Magnitude Ex”, “Magnitude
Ey” and “Magnitude Ez” for the magnitude plot, and between “Wrapped Phase
Ex”, “Wrapped Phase Ey”, “Unwrapped Phase Ex” and “Unwrapped Phase Ey”
for the phase variation plot. It is also possible to present the plotted data in an
equal aspect ratio, so the x and y scales coincide in the plot. In addition, below

the magnitude graph, there are numeric boxes to configure the magnitude limits.

In Chapter four all these plots are presented with real data.
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Figure 3.23: Hologram projection subtab

The “U/V” subtab shows by default a 3D view of computed far-field pattern in
U and V coordinates. It also allows to rescale the plot by changing the minimum
and maximum magnitude. The user can switch between a 3D and 2D view of
copol and crosspol, and these three-dimensional data can be exported by clicking

on the “Export to a Spreadsheet” button.
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Figure 3.24: U/V subtab

Settings

The “Settings” tab should preferably be used during the measurement setup,

but is not entirely necessary if the default values are working. The main panel

shows the scanner coordinate system for reference. It is mentioned that the y-

axis correspond to scanner vertical axis and the z-axis corresponds to the scanner

horizontal axis, for agreement with the planar coordinate system presented by the

“IEEE Recommended Practice for Near-Field Antenna Measurements” [3].

the subtab called “Units” there is a drop-down to select between mm or inches,

the lower right corner of the GUI will show the current units selected.
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X /Ka-Band Scanner System
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Where X is the horizontal axis and Y is the verfical axis in the scanner system.
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Figure 3.25: Settings tab

The “Motors” subtab (Figure 3.26) allows the user to configure the speed and
acceleration of a specific motor that belongs to a specific axis. These settings are
automatically saved to an external file. In this way, each time the user opens the
GUTI the lastest settings are loaded. In order for this tab to work the controllers
should be connected.

As for the console, it is located at the bottom of the GUI and is independent
of the tabs. It can display different informational or error messages. The user can
clear the status console by pressing the “Clear” button located to the left of the

text box.
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Figure 3.26: Motors subtab

3.3.3 TCP/IP communication

One of the special features of this system is the ability to receive commands to
control the scanner from external devices. In other words, control of the scanner
is not limited to the computer that has the GUI installed. External devices can
request the position of the probe, set the center of coordinates and move the
antenna probe.

Figure 3.27 shows a block diagram of the communication topology. As shown
the dedicated computer for the scanner assigns the server, this server acts as a
broker, what it does is to send each message it receives to all connected clients.
The function of this topology can be understood as a group chat where each user

is able to see the messages of other clients or users.
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The MATLAB GUI works as a client. Once the server is running, the GUI will
attempt to obtain a connection to the server. The purpose of the MATLAB GUI
client is to receive the messages, process them and execute them. After execution
it will send a completion confirmation message, these messages will vary depending

on the command requested.

Server Client
\ Python GUI  MATLAB GUI

External client 1

External client 2

i

External client n

LN

Figure 3.27: TCP/IP communication topology

The following list shows the available TCP/IP commands, it specifies the out-
puts (information to be sent), the expected input, how to encode the command

and an example of encoding.

1. Absolute movement according to where is home located. The input is not

distance but a position.
(a) Output 1: Moving motor.

(b) Output 2: Desired position.

(¢) Input: “The motor has stopped” confirms that the movement is done,
and the motor is stopped. This response comes with a “carriage return”

and a “new line” characters.

(d) Code: AM*x where “*” is the motor number and “x” is the desired

position in mm. If you select M4 “x” is in degrees.
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(e) Example: AM12000 the probe will move in the z-axis 2000 mm from

home.
2. Relative movement. It is a positive or negative increment in distance.

(a) Output 1: Moving motor.
(b) Output 2: Desired increment.

(c¢) Input: “The motor has stopped” confirms that the movement is done,
and the motor is stopped. This response comes with a “carriage return”

and a “new line” characters.

(d) Code: RM*x where “*” is the motor number and “x” is the desired

increment in mm. If you select M4 “x” is in degrees.

(e) Example: RM3-400 the probe will go down in the y-axis 400 mm.
3. Retrieve the probe position for an specific axis.

(a) Output: Desired motor (axis) to get the position.

(b) Input: Position in mm for the selected motor. It comes as a characters

vector.

(c) Code: PM* where “*” is the motor number.

(d) Example: PM4 the angle of the probe for the azimuth will be retrieved
in degrees.

4. Reach the limit switch (go home function).

(a) Output: Desired motor (axis) to go home.

(b) Input: “The motor has stopped” if the probe reached home, or “Error”

if the motor did not reach home.
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(c) Code: HM* where “*” is the motor number.

(d) Example: HM2 the probe will move in z-axis until it reaches home

(limit switch).
(e) This command works just for z, y and z-axis, but not for the azimuth
(M4).

5. Set Zero

(a) Output: Desired motor (axis) to go home.
(b) Input: “Sent” after the probe position has been set to zero.
(¢) Code: ZM* where “*” is the motor number.

(d) Example: ZM2 the current probe position in the z-axis is set as the

new zero position.

Table 3.1 summarizes the motor numbers, their corresponding axis and their
model.

Table 3.1: Motor identification

Motor identification \ Axis \ Model \
M1 T Vexta PK296-03BA
M2 z Vexta PK266
M3 Y Vexta PK296-03BA
M4 10) Vexta PK266

3.3.4 Communication procedure

1. Run the python server. This can be done from a terminal in case of Linux or
from the cmd console in case of Windows. The server is created by a python
file that requires the installation of some libraries. This file is provided in

addition to the scanner GUI.
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2. Start the Scanner GUI. Go to the “System Setup” tab. In the left panel
(“External connection”) go to the “Scanner” tab and then click on the “Con-
nect” button. This will start the connection with the motor controllers and

the encoder readouts.

3. In the same “External connection” panel go to the “TCP/IP” tab. Click on
the “Connect to server” button. If the connection is successful, the indicator

at the bottom bar at the left, labeled as “Server” will turn green.

4. Now, run the “Client” Python program (this can be done from a different
computer in the same local area network) in order to send commands to the
scanner GUI. The next window will pop up. And you will see the new client

connection in the status console in the GUIL.

7w - o X

History:

Command:

_Send]
Figure 3.28: Client console

5. Type a command from the above list in the “Command” text box and click
the button “Send”. To close the client, just close the window. You will see

all the sent commands and responses on the “History” text box.
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6. To end the connection, go again to “TCP/IP” tab and click on “Finish
connection” button. The indicator will turn grey, and the scanner system

will not receive more TCP/IP commands.

7. Finally, stop the Python server program by shutting it down.

3.4 Maintenance

To extend the life of the system, maintain its accuracy and avoid accidents, main-
tenance is essential. The following sections set out how to care for the system on

a regular basis.

Oiling

Oil is necessary to reduce friction and ensure good repeatability. Velmex, inc.
recommends lubricating its products with BL-2 lubricant (500 ¢St oil). Consider-

ations:

1. Three to four drops of BL-2 should be applied to the lead screw threads
and way surfaces. It is also recommended that one to two drops of BL-1

lubricant be added to the lead screw bearing support.

2. Because of the heavy load on the z and y-axis, we recommend weekly lu-
brication if the system is used continuously. For occasional use, monthly

lubrication or when the screw and ways appear to be dry.
3. Before applying new oil, clean out old accumulations of lubricant and debris.

4. Do not over-lubricate, excess oil may spill into areas that are difficult to

clean.
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Adjustments

After some time of use, the BiSliders will experience problems such as looseness.
To avoid this, the white carriage nut (StabilNut II) can be tightened. In addition,
it is possible to adjust the carriage adjustment by tightening the bolts on the
carriage surface. Figure 3.29 provides a better explanation of the carriage adjust-

ment. BiSliders should be tightened just enough, otherwise wear will increase.

A

1/8" hex key; i Tighter Nut Mesh

——— | —

D

Figure 3.29: Adjustment drawings retrieved from the BiSlide assembly document

The “B” indicates the place where the StabilNut can be tightened. 1/8 of a
turn is the maximum recommended. The “A” indicates the bolts that should be
tightened to adjust the carriage plate. These bolts should be tightened evenly to

guarantee a parallelism and therefore good limit switch functioning.

Cleaning

1. The lead screws and belts should be kept clean of dust and debris or any
other contamination from the environment to avoid excessive wear on mov-

ing parts.

2. The components in the server rack should be kept clean to prevent buildup

of contaminants or damage to sensitive components.
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Cabling

All cables in the system should be periodically inspected to ensure that they are

in working order and not experiencing unnecessary wear or friction.

Centering/Homing

We recommend Homing before every measurement, this will guarantee maximum

accuracy of encoders.
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Chapter 4

Measurement process

This chapter is a comprehensive compilation of the steps to perform a measure-

ment with the proposed scanner.

4.1 Pre-measurement

Pre-check

We recommend the user to check the cabling between the rack and scanner for

loose or worn cables. The cables to check are:

« Encoder (black cables).

« Motor controller (thick grey cables).

 Limit switch (grey cables).

» Frequency extender control and power (green cables).
« RF SMA Connections (thin blue cables).

« Probe/AUT (silver semi-rigid RF cables).
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We also recommend to ensure the maintenance is up to date by checking the
lead screws and belts for debris, wear, or damage. And by ensuring the moving
parts have sufficient lubrication.

The last thing to check is if the system’s range of motion is free of obstructions

such as absorbers or any exterior material or tool.

Power on the system

The UPS must be plugged into an at least 13A rated outlet. Then, the UPS power
button should be pressed until an audible “beep” is heard, release the button and
make sure the green sinewave appears above the display.

At this point the rest of the devices are ready to be powered on. Turn on
the PC by pressing in the power button at the from of the PC tower and turn
on the monitor. Press the START/STOP button on the front panel, it will get
illuminated, then press the “C” button on the encoder readouts (VRO’s). Flip the
motor controller power switches to the on positions. In case any of these devices
does not get powered, check that the power strips at the back of the rack are

turned on.

Launch GUI

The user should start here if power has not been lost since last use.

Log on to the computer and on the desktop, there is a GUI shortcut named
“NFP-Scanner.mlapp” or in the search bar look for the file named “XKaScan-
ner.mlapp”, once found, double click on it and the MATLAB software will open
first, then the interface will be displayed. Figure 4.1 illustrates the Home tab.
As mentioned in the previous chapter, the user has two options, start using the

GUI or review the documentation. To start a measurement, click on the START
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button and the “System Setup” tab will be automatically displayed.

X /Ka-Band Scanner System

Home System Sefup Near-Field Measurements Data Transformation Analysis Setlings

NF PLANAR SCANNER

Q’ Al R RESEARCH CENTER

START

DOCUMENTATION

STATUS e to the X/ Ka-Band Scanner GUI

To start set the system in System setup tab

Server Units: Deg / mm

Figure 4.1: Interface home tab

In the “External connections” panel, select the “Scanner” tab. This section
allows the user to select the COM ports for each scanner device. Unless the
connections for the scanner devices (controllers and readouts) have been altered,
the assigned ports by default do not need to be changed, so click on “Connect” to
interface the computer with the scanner devices. All the indicators should turn
green and the “Motion controller” tab should be enabled. Figure 4.2 shows what

the interface should look like after following the mentioned steps.
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Figure 4.2: System Setup tab

Alignment

Now it is time to place the AUT and align it with the probe. In the “Motion
controller” panel at the top there is a numeric field box to enter the desired
increment in distance of the probe, the axis for the movement should be selected
in the “Positioner selection” drop-down above the picture. Once an axis has been
selected, the picture will be updated, underlying the selected axis and specifying
where is the positive and negative sense. This increment could be in millimeters
or inches, check at the bottom left corner of the GUI for the current units. You
can change the unit system in the “Settings” tab.

We recommend using the joysticks for this task. To activate them, in the same
“External connections” panel, under the “Scanner” tab click on the “Activate

joysticks” button. Move the probe forward (z-axis) until it reaches the limit
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switch. Then, place the AUT almost touching the tip of the probe. Now, move
the probe from edge to edge of the AUT and ensure planarity, do this for x and
y-axis. Once planarity is achieved it is time to find the center. It is important to
know in advance the center of the AUT, then using an industrial line laser you
can align both antennas. The laser will also help to recognize if the probe or AUT
is tilted or skewed in certain direction. Now click the button “Set Copol center”.
Figure 4.3 presents a real scenario of a horn antenna being aligned with the probe
of this scanner in the y-axis orientation. It can be seen that the red line passes

exactly through the center of AUT and the probe.
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Figure 4.3: Alignment in y-axis (Courtesy: eMWave-tech)

The machined pieces of the scanner are not perfect, like any other system,
tolerances are present and accumulation of small imperfections leads to noticeable
misalignment. This is the case for the center between copol and crosspol. There
is a small deviation (around 1 mm) present when the probe rotates 90° which
means that the center at the tip of the probe does not completely aligns with the
center of the rotary table, even when it was designed in that way, and this is due
to many factors like the weight and large distance between the rotary table and

tip of the probe. There are two possibilities now, to find the deviation and correct
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the center of the crosspol once the center for copol has been found, or to add a
new button so the user can set the crosspol center by his own. The second option
was more appealing given that we are not sure further misalignment will occur in
the future or if the system will be modified such as replacing the probe or the RF
system.

Hence, the next step is to select the rotary table in the drop-down and rotate
it +90°, to do this you need to connect the controllers again, given that activating
the joysticks deactivates the online connection with the controllers. Now, repeat
the process to find the center, once finished click the button “Set Crosspol center”.
Move the probe back 90°.

All this time the probe was very close to the AUT, it is time to separate them
from three to five lambda distance. Calculate the distance, enter that distance on
the increment box, select in the drop-down the z-axis positioner and click on the

minus button.

VNA Setting

The next step is to turn on the VNA. Press the power button located in the lower
right corner of the VNA, the power icon should turn green, if it does not, check
that the switch located on the back of the VNA is in the on position. Then, go
to the GUI and in the same “System Setup” tab, navigate to the “VNA” tab in
the “External connections” panel.

In a regular scan, the parameter to read is S21, therefore the drop-down does
not need to be modified. Click on the “Connect” button and wait until the status
indicator turns green. Then, set the start and stop frequency, and the number
of points and click on the “Create Frequency List” button. You can also set

the number of averages for measurement, decreasing this number will make the
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scanning faster, but will decrease the quality of the data taken. You can check
the frequency list just created by going to “Near-Field Measurements” tab, and
then to “Frequency” tab in the middle panel. In the same tab in the lower center
area there is a small panel called “VNA Monitor”, clicking on the “Start” button
will activate a function that updates the detected magnitude, phase and SNR by
the VNA at the probe location. It is important to keep the SNR above 50 dB.
This will ensure good quality of data which will not be affected by noise. Press
the “Start” button again to stop the monitor. Figure 4.4 shows the “Near-Field

Measurements” tab.
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Figure 4.4: Near-Field Measurements tab

Scanning Setup

In the same window, navigate to the “Scanning Setup” tab. All four first parame-

ters need to be defined. These parameters are required to calculate the dimensions
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of the scanning window and the number and separation of the spacial points to
take measurements. Enter the AUT aperture dimensions. The desired far-field
angle truncation (remember that the data provided for the far-field angles exceed-
ing the truncation angles, is not reliable). The probe aperture dimensions and
the distance between the probe and AUT. Click on the “Auto Scan Setup” button
and the text fields below will get populated. The scan center was populated right
after defining the copol center.

At the right side there are three small panels to make the scan more cus-
tomized. The upper panel allows to control the number of orthogonal polariza-
tions to take during the scan, the user is able to select between just measuring
a single or both polarizations. The panel below allows to select between the two
raster scan modes, vertical or horizontal retrace. And the last panel is to select
between the continuous and park and probe scan techniques. These options sup-
pose a trade off between accuracy and time. If accuracy is most important, we
recommend to scan with the default options (measuring both orthogonal polar-
izations, using the vertical retrace mode and defining the scan technique as park
and probe).

The continuous scan technique was developed in Pyhton; therefore, when this
option is selected, what actually happens is MATLAB calling a python file and
executing it, when finished this python file returns the magnitude and phase data
for every frequency requested. In addition, given that the scan is not executed in
MATLAB, the magnitude and phase plots do not get populated during the scan.
In order to see the near-field plots the user has to import the scan file after it was
saved.

Now that everything is set up, click on the green “Start Scan” button on the

left side of the window. An audio will play saying starting scan and then the probe
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will move to the lower left corner of the scan window and begin measurements.
The status console will display the time remaining for the completion of the scan,
this time will be updated four times during the scan.

During the scan, the near-field magnitude and phase values are displayed on the
near-field plots. These are color plots which means that the values are associated
with a range of colors. Is it possible to identify a bad setup from the near-field
plots; therefore, we recommend supervision during the scan.

If for some reason, the scan should be stopped, click on the “Stop Scan” red

button on the left menu.

4.2 Post-measurement

Post-processing

Once the scan is complete, the probe will return to the initial polarization and
another audio will be played, it says scan completed. Then a window will show
up asking the user to save the recent measured data.

In case you selected a scan with both polarizations, you can switch between
copol and cross-pol near-field data by clicking on the upper button labeled “Copol”
or “Crosspol” depending on the current polarization displayed.

In addition, there is a tab labeled as “NF Post-Process”, inside there are extra
functionalities, for instance, the option to truncate the data by replacing the
outer values of the near-field magnitude matrix by really small values (the value
of truncation could be specified, by default it is -120 dB) the option to plot cuts
of the near-field magnitude, it could be a cut along z or y.

To obtain the far-field patterns, first click on “Frequency tab” and select a
frequency from the list, then click on the purple button labeled as “NF to FF”

and after a couple of seconds you will be redirected to the “Data Transformation”
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tab, where the far-field patterns of the principal cuts should be plotted. Figure
4.5 presents how the “Data Transformation” tab should look like after clicking
the “NF to FF” button, as can be seen, the principal cuts (phi = 90°, phi = 45°
and phi = 0°, green, red and blue respectively) for copol and crosspol have been

plotted. The plotted far-field pattern cuts or slices correspond to a Ka-band horn
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Figure 4.5: Data Transformation tab

By default the magnitude goes from 0 to -50 dB, and the angle from -80
to 80 degrees, but it can be changed using the maximum and minimum boxes
at the right side of the plot. Beneath the last options there are two buttons to
export the data. The first one allows to export the patterns to the “Analysis” tab.
This tab allows to compare up to three different patterns, they could come from
different antennas or the same antenna but for different frequencies or different

configurations. The second export button is to export the patterns data to a
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spreadsheet.

Below the graph there are six check boxes to specify the cuts to be plotted.

At the left side of the plot there are extra functionalities. First, there is a drop-
down to select the polarization definition, the user has the option to select between
Ludwig 3, Ludwig 2-1, and Ludwig 2-2. Beneath there are two options to redefine
the AUT to probe distance and the resolution for the discrete Fourier transform.
These last two parameters are mainly used to analyze the hologram projection,
which could be used for calibration and diagnosis by observing the amplitude and
phase distributions on the antenna aperture (specially for arrays) [32]. Figure 4.6
presents the hologram projection for the measured horn antenna. The graph at
the left is for magnitude and the phase is the right one. The magnitude limits can
be redefined in the two numeric boxes below the magnitude plot.
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Figure 4.6: Hologram projection tab

The last subtab in this window is “U/V”. The importance of this subtab is to
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(1))

visualize copol and crosspol in 3D in “u” and “v” coordinates. In case the user
needs further information than the principal cuts, there is an option to export to
a spreadsheet the data for one half hemisphere of the radiation pattern, in other
words, it is possible to get the data in azimuth from 0° to 360° and in elevation

from —90° to 90°. Figure 4.7 exhibits the UV pattern subtab.
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Figure 4.7: U and V coordinates 3D pattern tab

The next main tab is “Analysis” as mentioned, this tab was created to compare
up to three sets of patterns. Since each principal cut has a color already assigned
to it, the patterns are differentiated by color tone. The lightest set of colors
correspond to the first exported cuts, the regular tone color correspond to the
second exported set of cuts, and the darkest set of colors correspond to the third
set of exported pattern cuts. Figure 4.8 illustrates the above mentioned, in this
figure, phi = 90°,and phi = 0° are plotted for 30, 33 and 35 GHz. We can see

how for higher frequencies the patterns are narrower, this is because the aperture
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is electrically larger. This software will allow the user to keep adding patterns;

however, the following ones will have the same color hue order, and this could

lead to confusion. If another comparison is needed, click on the button labeled

“Clear Graph” in the right side panel. There you can also change the magnitude

and angle limits.
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Figure 4.8: Analysis tab

Units: Deg / mm

This tab is very useful because it allows the user to easily recognize how the

pattern changes when different parameters or settings are applied, even to compare

patterns of different antennas, for this the user needs to import the files of the

previous measurements, this leads us to the next section.
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4.3 Importing measurements

To import past measurements navigate to the “Near-Field Measurements” tab
and then click on the button “Import Data” located at the top in the left menu.
A regular Windows “select file to open” window will show up, there you can se-
lect any saved “mat” file from previous antenna measurements. Once the data
is retrieved, a message will appear in the status console, notifying about the im-
ported file, and the near-field magnitude and phase graphs will be populated with
the data from the frequency selected when the data was saved, Figure 4.9 shows
an example of data imported. To change the frequency, go to the “Frequency”
subtab, you will see that the right side frequency list is enabled while the left list
is disabled. Select a frequency and the near-field data will be updated. To obtain

the far-field pattern for that frequency click on the purple button labeled as “NF

to FF”.
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Figure 4.9: GUI after importing data
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When any past measurement is imported, not just the magnitude and phase
for a list of frequencies is retrieved, but also information like the AUT dimensions,
the far-field truncation angles, the probe dimensions, the AUT to probe distance,
the spatial coordinates for every sample point, and the state of a flag that indicates
if the scan was performed for a single or both orthogonal polarizations. Most of

these data can be look at the “Scanning Setup” subtab, once the file was imported.

4.4 Settings

The “Settings” tab was included for some functionalities that are not strictly
necessary to perform a measurement. It also was included to provide additional
information. The user can check or modify the speed and acceleration of each
scanner motor. In addition, the user can switch between the metric system and
the imperial unit systems (millimeters or inches). When the GUI is configured to
use inches, all distance-related inputs will assume the inputs are inches; however,
all calculations in the back-end of the interface work in mm. In addition, the axes
of the near-field plots will remain in mm.

Part of the additional information provided in this tab is the coordinate system

used in the scanner. Figure 4.10
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Figure 4.10: Settings tab
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Chapter 5

Validation

As the system is now finished and working, the next step is to test the level
of accuracy that this system has and validate the results with data provided by

legitimate external sources or justifiable experiments.

5.1 Results

5.1.1 Far-field patterns

The first antenna selected for validation of the results is a standard gain horn
antenna, model SGH2650, manufactured by Microwave Vision Group (MVG).
This antenna operates between 26.5 GHz and 40 GHz. Figure 5.1 presents the

horn antenna.
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Figure 5.1: Near-field measurement setup with the SGH2650 horn antenna (Cour-
tesy: eMWave-tech)

The manufacturer provided the far-field pattern data for 33.3 GHz and 35.3
GHz for the phi=0°, phi=45° and phi=90° principal cuts for copol. The idea is
to perform a scan considering the same frequencies and then compare the results
expecting good agreement.

Table 5.1 summarizes some important details of the scan setup.

Table 5.1: Scan setup parameters for Ka-band standard gain horn

’ Parameters \ Value \ Unit ‘

Scan technique Park and probe -
AUT dimensions 70-z, 58-y mm
Far-field angles + 50 Deg
AUT - Probe distance 30 mm
Probe dimensions 9-x, 4-y mm
Scanning window 150-z, 131.3-y | mm
Delta 3.75 mm

Number of points 41-z, 36-y -
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The near-field data obtained from this scan, for both frequencies, is presented

in figure 5.2.
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Figure 5.2: Near-field magnitude and phase data for both measured frequencies

The near-field data is important in the sense that it indicates whether the
scan setup has been performed correctly. For example, if the first column of the
magnitude plots does not maintain a constant color, it could mean that the VNA
or frequency extender is not working properly or that there is a misconnected
cable. In this case, for the phase plots in the above figures, we can see that the
outer values are mostly random, this could be a sign that the SNR is not large
enough for the selected scan window size. Also, odd color pixels that do not follow
the pattern in magnitude as in phase could be a case of reflections in that area.

The far-field patterns obtained for each frequency are showed in the next

figures. Figure 5.3 presents the far-field principal cuts for copol and crosspol
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(dashed line) for the measurements at 33.3 GHz, where the green line represents
the E-cut or phi=90°, the blue line represents the H-cut or phi=0°, and the red

line represents the D-cut or phi=45°.
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Figure 5.3: 33.3 GHz - Far-field principal cuts for co and crosspol

Looking at the far-field patterns we could say that we obtained a fairly decent
measurement; nonetheless, crosspol is a bit high and does not behave as it should,
the reason for this could most probably be the fact that these measurements were
not performed in a anechoic chamber. In addition, we can see that the blue line
(H-cut) is not really symmetric for angles beyond 30 degrees from boresight. This
may be related to insufficient SNR.

Figure 5.4 presents the far-field principal cuts for copol and crosspol (dashed
line) for the measurements at 35.3 GHz.

Once the results were obtained, a comparison between the manufacturer ra-
diation patterns and our own measurements is presented next for each principal

cut. The data from the manufacturer (MVG) is dashed and the continuous line
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corresponds to our own data.
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Figure 5.4: 35.3 GHz - Far-field principal cuts for co and crosspol
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Figure 5.5: 33.3 GHz - E-cut comparison

97




o Phi=0° cut comparison - 33.3 GHz
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Figure 5.6: 33.3 GHz - H-cut comparison

Phi=45° cut comparison - 33.3 GHz
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Figure 5.7: 33.3 GHz - D-cut comparison

As we can see in the last three figures, the agreement is acceptable for phi=0°
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and phi=45°, but there is a considerable disagreement for the phi=90° cut for
angles 20° beyond the boresight axis, the explanation for this offset is due to the
fact that the probe correction has not yet been applied. However, the question that
now arises is, then why phi=0° and phi=45° do not exhibit the same disagreement
at the same angles? well, this is because the effect of the probe on considerably
high directive AUT’s is not significant [33]. And as we can see, the pattern for D
and H-cut is substantially more directive than the E-cut.

Let us apply probe correction to these three cuts and analyze the results.
MVG kindly provided the probe patterns for the principal cuts, for 26.5, 33.3
and 40 GHz. These patterns were obtained after CST simulation and they do not
consider the absorber collar. Figure 5.8 presents the probe’s (OEW2650) principal

cuts.
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Figure 5.8: OEW Probe principal cuts for 33.3 GHz

According to Masters [29], the true AUT response would be given by:
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Ep _ Epp2Epu - EcplEcu (51)
EpplEpp2 - EcplEcp2

Where:

« E, = True principle AUT response.

o FE. = True principle AUT response.

« FE,, = Uncompensated principle AUT response.
o FE., = Uncompensated cross-pol AUT response.
« E,,; = Probe-1,2 principle response.

« E,,» = Probe-1,2 cross-pol response.

If we do not consider the AUT and probe cross-pol, then we can simplify

Equation 5.1, the result is:

E,= 7 (5.2)

Then, converted to dB.

E,[dB] = E,,[dB] — Ey;[dB] (5.3)

This means that the measured pattern in dB minus the probe pattern (for the
same cut at the same frequency). Then, applying the simplified probe correction
equation we obtain the results in Figures 5.9, 5.10 and 5.11. We can see an

improvement for the phi=90°, but an slight deterioration for phi=0° and phi=45°.
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Phi=90" cut comparison - 33.3 GHz - Probe corrected
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Figure 5.9: 33.3 GHz - E-cut comparison - PC included
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Figure 5.10: 33.3 GHz - H-cut comparison - PC included
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Phi=45° cut comparison - 33.3 GHz - Probe corrected
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Figure 5.11: 33.3 GHz - D-cut comparison - PC included

The deterioration of the D and H cuts can be explained in the next way. If we
do consider the AUT and probe cross-pol, but we assume that the multiplication of
probe cross-pol (E .1 E.») ends up in a negligible amount. Then we can simplify
Equation 5.1 to:

Epu EcplEcu

E = — 5.4
g Eppl EpplEpp? ( )

As we can see, the biggest contribution to the true response comes from the
measured AUT pattern (E,,), if this value is large, then the subtraction will
have small effect on the tru response during the conversion to dB. However, if the
measured AUT pattern has small values, then the subtraction will have a more
considerable effect on the true response. In summary, we need to consider the
AUT cross-pol and at least one probe cross-pol for accurate correction for small

response values, which are the ones farther away from the boresight angle or 0°
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angle.

Following with the validation analysis, the next three patterns correspond
to a comparison between the MVG patterns and our own measurements at a
different frequency (35.3 GHz). Figures 5.12, 5.13 and 5.14 present the comparison
results. We can notice an slight improvement in all these three cuts, one reason
to explain this change is the fact that the aperture is electrically bigger at this
higher frequency, and larger aperture is correlated with higher directivity, and as
it was explained, the more directive the pattern, the less correction it needs.

Unfortunately, the probe correction analysis cannot be done at this frequency
and this is because we do not posses the probe’s pattern cuts. However, the

agreement is still acceptable.
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Figure 5.12: 35.3 GHz - E-cut comparison
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Phi=0° cut comparison - 35.3 GHz
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Figure 5.13: 35.3 GHz - H-cut comparison

Phi=45" cut comparison - 35.3 GHz

dBi
a

40

-50 -40 -30 -20 -10 0 10 20 30 40 50
Theta (deg)

Figure 5.14: 35.3 GHz - D-cut comparison

The second antenna selected for results validation is a scalar feed horn antenna

104



model SAF-2633031728-28-S1, manufactured by ERAVANT. This antenna works

from 26 to 30 GHz. Figure 5.15 presents this horn antenna.

Figure 5.15: Near-field measurement setup with the scalar feed horn antenna
(Courtesy: eMWave-tech)

The manufacturer provided the far-field pattern data for 28 GHz and 30 GHz
for the phi=0° and phi=90° principal cuts for copol. The idea is the same, to
perform a scan considering the same frequencies and then compare the results
expecting good agreement.

Table 5.2 summarizes some important details of the scan setup.

Table 5.2: Scan setup parameters for Ka-band scalar feed horn antenna

’ Parameters \ Value \ Unit ‘

Scan technique Park and probe -
AUT dimensions 37.65-x, 37.65-y | mm
Far-field angles + 70 Deg
AUT - Probe distance 51.5 mm
Probe dimensions 9-x, 4-y mm
Scanning window 325-z, 320-y mm
Delta ) mm

Number of points 66-x, 65-y -
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The near-field data obtained from this scan, for both frequencies, is presented
in figure 5.16.

These near-field plots are a good example of a clean measurement. There is
good symmetry for the selected scan window and no outer random data, no odd
spots. The setup for this scan was performed properly.

The far-field patterns obtained for each frequency are showed in figures 5.17
and 5.18. Figure 5.17 presents the far-field principal cuts for copol and crosspol
(dashed line) for the measurements at 28 GHz, where the green line represents
the E-cut or phi=90°, the blue line represents the H-cut or phi=0°, and the red
line represents the D-cut or phi=45°.
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Figure 5.16: Near-field magnitude and phase data for both measured frequencies
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Far-Field Radiation Patterns
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Figure 5.17: 28 GHz - Far-field principal cuts for co and crosspol

Figure 5.18 presents the far-field principal cuts for copol and crosspol (dashed

line) for the measurements at 30 GHz.
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Figure 5.18: 30 GHz - Far-field principal cuts for co and crosspol

Once the results were obtained, a comparison between the manufacturer ra-

diation patterns and our own measurements is presented next for each principal
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cut. The data from the manufacturer (ERAVANT) is dashed, and the continuous

line corresponds to our own data.

Phi=90" cut comparison - 28 GHz
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Figure 5.19: 28 GHz - E-cut comparison
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Figure 5.20: 28 GHz - H-cut comparison
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As we can see in figures 5.19 and 5.20, the agreement is acceptable between
+35° for both cuts, but beyond that range the disagreement is considerable. For
these patterns probe correction is needed. Let us present the patterns of this
antenna at 30 GHz.

Phi=90° cut comparison - 30 GHz
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Figure 5.21: 30 GHz - E-cut comparison

It is clear that these cuts do not match perfectly, and probe correction is
needed, but still there is a level of agreement, we should consider that the data
provided from ERAVANT is simulated data. In addition, these measurements

have not been performed in an anechoic chamber.
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Phi=0" cut comparison - 30 GHz
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Figure 5.22: 30 GHz - H-cut comparison

Ideally, we would like to apply the probe correction; however, we do not have
the probe patterns for all these measured frequencies and the ARRC does not
have capabilities to measure far-field at Ka-band. In this sense, we are limited.
One solution is to simulate the probe in HF'SS or CST. This task is left as future

work.

5.1.2 Hologram projection

For the hologram projection demonstration, it was decided to utilize a linear
patch antenna array as an AUT. This is a 20 element liner array which works at
X-band. Figure 5.23 shows the discussed array. This section not only presents the
capabilities of hologram projection but also the system capabilities to measure at
X-band. In order to switch the system operational frequency some changes need

to be done, a RF amplifier is required, the frequency extenders are removed and
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the probe is switched by a X-band open-ended waveguide.

Figure 5.23: X-band linear patch antenna array (Courtesy: eMWave-tech)

Table 5.3 summarizes some important details of the scan setup.

Table 5.3: Scan setup parameters for X-band patch antenna array

’ Parameters \ Value \ Unit ‘
Scan technique Park and probe -
AUT dimensions 450-x, 100~y mm
Far-field angles + 55 Deg
AUT - Probe distance 150 mm
Probe dimensions 22.8-z, 9.8-y mm
Scanning window 900-z, 525-y mm
Delta 15 mm
Number of points 61-z, 36-y -
Number of polarizations 2 -

The near-field data obtained from this scan is presented in figure 5.24.
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Figure 5.24: Near-field magnitude and phase data for the array measured at 9.5
GHz

The far-field pattern obtained at the 9.5 GHz frequency is presented in figure
5.24, where, once again, the green line represents the E-cut, the red line represents
the D-cut, and the blue line represents the H-cut. Crosspol is represented by the
dashed line. We can see that the H-cut narrow beam is very well defined, the
E-field is a bit distorted and the crosspol is extremely high. Let us see how the

hologram projection results for this array.
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Far-Field Radiation Patterns

10 —_— -

P =~
—a- = e -~
—15—/ l \\ "'--sa __\
h
20k \ N
Y \

25 =~

v, : ¢=-‘: N N o~
[

Magnitude [dBi]

-40 -

.45 [

50 | I | I | | I | J
-50 -40 -30 -20 -10 0 10 20 30 40 50

Angle [deg]

Figure 5.25: 9.5 GHz - Patch antenna linear array - Far-field principal cuts for co
and crosspol

The exercise to test the antenna hologram projection is as follows. First, we
will do a small scan window measurement and obtain the hologram projection,
then the idea is to cancel one of the array antenna elements, to do this, a piece of
copper tape larger than the patch antenna area is placed on top of one element.

Finally, there is a comparison of results.
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(a) Non modified array (b) Copper taped array

Figure 5.26: Setup comparison between taped and non-taped array (Courtesy:
eMWave-tech)

Figure 5.26 shows the array in the two stages of this experiment. A small
square of copper tape was placed on the fifth element starting from the right side.
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Figure 5.27: Hologram projection plots for the non-taped array measurement
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Figure 5.28: Hologram projection plots for the copper taped array measurement

Hologram projection plots in figures 5.27 and 5.28 represent the magnitude of
the fields in the y-axis direction at the plane of the AUT aperture.

Looking at figure 5.27 for the magnitude plot, the array shape can be distin-
guished, we also can see that the strongest magnitude is in the middle, this is
because the phase is close to be uniform along the array as can be notice in 5.27b,
where the center area is mostly red, it means that the relative phase is between
100° and 150° along the array.

Now, if we look at the figure 5.28a we will notice a considerable gap at about -
120 mm on the x-axis. This is the effect of the copper tape on the array. Basically,
the fields are very low at that location. Similar behavior for the phase, we can see
that the phase of the electric fields is around 40 degrees.

Hologram projection is essential as it helps to detect malfunctioning elements
in an array by showing spots with a magnitude color that does not correspond to
a properly working array. It also helps with phase calibration, as we observe in
figure 5.27b, the phase is not completely uniform across the array, the right and
left sides appear to have slightly different phases, then, this can be corrected.

As the reader may have already picked up, the taped array gap in the hologram
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projection plots is on the left side; however, the copper tape was placed on the
right side of the array. We should understand that these figures are the same as

looking at the AUT from behind, in this manner, the plots make sense.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis has been a summary of the development, from the ground up, of a
low budget, customized and open source planar near-field scanner aimed to work
primarily at Ka-band, with the capability to switch to X-band. This scanner is
intended to measure digital phase array radars of about 2 by 1 m aperture, hence
the concern in providing a reliable versatile system that allows modifications in
hardware and software without compromising the level of accuracy.

This system offers a number of advantages that are not common to near-field
systems, such as control via TCP/IP communication, near-field analysis, 3D far-
field patterns in U/V coordinates, operational frequency from 100KHz to 54 GHz
if the correct probe antennas are used, control of positioner speed and acceleration,
and the design for versatility so that hardware and software can be modified.

The present thesis covered in the introduction an explanation of the benefits
of rectangular planar near-field system over other approaches to obtain far-field
patterns. It also discusses the state of the art and the direction of research on this
field. The second chapter provides all the mathematical equations and theoretical

foundations of a planar near-field scanner. The third chapter is a comprehensive
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explanation of the hardware and software design. Chapter four discusses the
process of using the present scanner to perform a measurement taking advantage
of the full capabilities of the system. And chapter five presents a validation of the
results by comparing our measured data with the data provided by the antennas
manufacturers.

The results in chapter five show that the designed scanner performs as ex-
pected, meeting all requirements, allowing users to measure X-band and Ka-band
antennas with decent results that can be improved with proper use of probe cor-
rection techniques. The ability of the system to perform hologram projection was
also demonstrated.

This system has been installed in two laboratories in the US showing great
performance and showing at the same time the trust from other institutions on

our design. Figure 6.1 shows the entire scanner installed and ready for operation.

118



Figure 6.1: Finalized version of the near-field planar scanner (Courtesy: eMWave-
tech)

6.2 Future work

Part of the future work is to implement an option in the GUI that allows the
user to apply the probe correction, including cross-polarization, for a range of
frequencies and for both probe antennas (X-band and Ka-band). To apply this
correction, both probe far-field patterns are required and, if the correction is to
be applied to data from the entire 3D hemisphere, the required probe patterns
must also be from an entire hemisphere.

Probe antennas are usually open-ended waveguides whose pattern is really

broad, not directive, so a planar near-field system cannot be used to measure it.
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The alternative and part of future work is to simulate these probes including the
absorbing collars and obtain the far-field patterns from its simulation.

For future designs we plan to use electromagnetic positioners, these offer higher
accuracy, higher speed and reduced noise, in fact, there is no audible noise in these
systems.

Finally, an evolved version of this scanner would be a multi-probe scanner that
includes an RF board for probe switching. In the first chapter it was mentioned
that multi-probe scanners can consistently reduce scanning time, providing accu-

rate results from the park and probe technique, but in a fraction of the time.
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Appendix A

List of Acronyms and Abbreviations

AUT Antenna under test

FE Frequency extender

GUI Graphical user interface

1P Internet protocol

RF Radio frequency

SMA SubMiniature version A
TCP Transmission control protocol
UPS Uninterruptible power supply
VNA Vector network analyzer
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