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Abstract

The millimeter-wave (mmWave) scanner is a system built a few years ago by the
phased array antenna research and development group (PAARD) in the Advanced
Radar Research Center (ARRC) with the purpose of measuring, characterizing, and
calibrating mmWave antennas without significantly changing the setup. The most
important reason for developing a multitasking system is to utilize a vector network
analyzer (VNA), in many applications. This thesis proposes upgrades to this system,
starting with the software, which restricts the system with poor motion flow, and
addition of new features to the system that allow faster and reliable measurements.

A relevant feature that was added is the calibration and measurement of a W-
band active phased array antenna in a package that was manufactured for commer-
cial purposes. Due to the nature of the active element in a phased array antenna,
calibration of the system is required for precise and correct performance, which is
critical for radio frequency systems. Over-the-air (OTA) calibration is a powerful
technique used in phased array antennas in real-world environments. This thesis
proposes a novel measurement system to calibrate and characterize the antenna.
The system is a multi-axis hybrid system with nine degrees of freedom, used to per-
form the calibration process and also to scan the antenna radiation pattern in both
near-field (NF) and far-field (FF) regions. Experimental results of the calibration
method show high precision in the element radiation values, and excellent agreement
between the antenna array radiation pattern measured in the near-field and far-field

is achieved.

xiii



Chapter 1

Introduction

1.1 Motivation

The Phase Array Antenna Research and Development (PAARD) group, part of
the Advanced Radar Research Center (ARRC), has been developing antenna mea-
surement systems as it is an essential field in the antenna industry. Metawave Corp.
was a startup company focused on radar for the automotive industry. One area
of development within the company was phased array antennas at millimeter-wave
(mmWave) frequencies. Since 2017, Metawave and the University of Oklahoma
(OU) have been collaborating on a project to develop a system enabling multiple
measurements for active array antennas in the W-band. Originally, the system was
required to perform near-field (NF) measurements, far-field (FF) measurements,
and phased array antenna calibration. Later, a module for material and radome
characterization was also included. Due to limited time to develop a complex mea-
surement system, OU developed hardware to perform NF, FF, and phased array
calibration. The graphical user interface (GUI) was implemented using LABVIEW.
However, this interface was not optimized for user-friendliness and efficiency. Part
of this work aims to improve the GUI, adding new features to make the system more

efficient.



Years later, Metawave Corp. requested OU-PAARD’s assistance in calibrating
an active phased array antenna. This new antenna, developed by them, is a high-
tech antenna in a package (AiP) operating at mmWave frequencies between 76-81
GHz and capable of analog beamforming. Metawave ask for assistance to built a
new calibration setup for the AiPf. However, it was decided that the versatility of
the already developed mmWave scanning system would be perfect to implement the
calibration setup by adding more configurations. This would also allow the system
to do more than just calibration; it could include NF and FF scanning algorithms
to verify the efficiency of the calibration. The purpose of this work is to describe
the improvements made in the mmWave scanner system and the implementation of

the AiP calibration setup.

1.2 Literature Review

Each year, driven by technological progress and the swift expansion of services
reliant on the electromagnetic spectrum, both military and civilian sectors face an
urgent demand to secure space in the spectrum for essential operations, where the
communication sector is especially crucial [6]. Millimeter waves (mmWave) fre-
quencies seem to be a viable solution to this necessity. mmWaves refer to the range
of frequencies where the wavelength ranges between 10 to 1 millimeters (30 - 300
GHz). One of the greatest interests to the industry and communication systems in
these frequencies is the wide range of bandwidth. For example, this characteristic is

valuable for supporting applications such as high-speed data transmission and video



streaming. Another important characteristic of these frequencies is that relatively
secure communications can be performed in the absorption resonance bands. Ad-
ditionally, free space losses are much higher in these frequencies compared to radio
frequencies. Typically, the range is below 20 km, which is useful for short-range
communications. This allows a high degree of frequency reuse [7]. While high at-
mospheric attenuation might seem like a disadvantage in certain applications, it is
favorable in others, especially in the automotive industry.

Typically, the size of an antenna is directly related to the wavelength (\) of the
frequency of operation. In the mmWave frequencies, which are characterized by
wavelengths measured in millimeters, the antennas exhibit millimetric dimensions.
Furthermore, when designing array antennas, the spacing between the elements is
typically less than 1\ [8]. To address these challenges, a relatively new technology
called antennas-on-chips has been widely implemented, especially in mmWave appli-
cations. Numerous studies have underscored the compelling attributes of antenna-
on-chip technology, each tailored for specific applications [9-11]. Antennas-on-chips
are commonly used in fully integrated systems. They reduce the complexity of the
matching network and reduce the front-end losses and noise figure [12]. Another
advantage of this technology is the reduction of connectors between the RF circuits
and the antenna, allowing flexibility in the circuit design [13]. For radar systems,
the greatest advantage is the bandwidth, which enables the radar system to achieve
much better spatial resolution. A radar system operating in a range of frequencies
between 57 to 66 GHz has the benefit of using a large bandwidth ( 9GHz). This

bandwidth will allow the system to have a spatial resolution of 2 cm [14]. Naturally,



this technology and the properties of short-range mmWave frequencies are particu-
larly significant for automotive radar applications, where frequencies ranging from
24 GHz to 77 GHz are extensively studied and utilized [15-18].

In recent years, Metawave Corporation has pioneered the development of a
cutting-edge category of active phased array antennas-on-chips tailored for the au-
tomotive industry. Their groundbreaking contribution manifests in the form of the
Antenna in Package (AiP). This unique in-package antenna boasts the remarkable
ability to execute beamforming and beam-steering functions. Comprising 16 patch
antennas, the chip operates predominantly within the frequency range of 77 to 80
GHz [19].

The advantage that phased array antennas provide is the capability to change
the shape of the radiation pattern by defining the magnitude and phase of each
element antenna. By using electronic devices like amplifiers and phase shifters, it
is possible to electronically modify the radiation pattern. However, these devices
are commonly frequency and temperature dependent, requiring calibration for the
proper functioning of the system [20]. Additionally, the non-ideal conditions of the
components of each antenna element on the array result in what is known as exci-
tation errors. These errors would cause array pattern distortion, gain degradation,
worse side lobe level, and null drifts [21,22]. Over the years, many calibration
algorithms were developed to compensate for these errors. Some studies use sim-
ple algorithms to calculate the amplitude and phase modulation compensation like
in [20], while others use more complex algorithms [21,23]. It is important to high-

light that each calibration algorithm was designed for a unique architecture of the



phased array antenna. For example, mutual coupling calibration is a technique that
relies on the neighboring antenna elements of the calibrating element [24-26]. The
advantage of this mutual coupling calibration is the self-test capabilities that al-
low performing calibration without the use of a probe antenna outside the antenna
under calibration. Aside from the calibration algorithm used, another important
aspect of the calibration is the range in which the calibration is performed. The
most common calibration technique in the near-field region is the park-and-probe
technique [20, 22], which positions the probe antenna in front of the calibrating
element. Calibration in the near-field range is more common in low frequencies
(below 20 GHz) because the far-field distance of the antenna depends directly on
the wavelength, making near-field measurement and calibration more feasible; oth-
erwise, it would require a huge space to perform the tests. However, there are
solutions to this problem such as utilizing a compact antenna test range, which sig-
nificantly reduces the measurement distance [27], or using unmanned aerial vehicles
(UAVs). The use of this technology has been widely studied and implemented in the
UAV measurement sector [28]. Many studies have been conducted pointing out the
advantages and challenges in frequencies below the mmWaves, showing promising
results [29-31]. For mmWave frequencies, due to the short far-field distance, it is
more practical to perform far-field tests on the antenna under testing. Over-the-air
calibration emerges as a reliable method for achieving high precision calibration in

antenna systems. Extensively documented in the literature, this technique has been



consistently employed for calibration purposes in both on-chip antennas at frequen-
cies exceeding 220 GHz and in phased array antennas necessitating sophisticated
algorithms to derive correction weights for individual elements [23,32, 33].
Antenna test scanners have been developed since the second half of the last
century, encompassing both near-field and far-field scanners. NSI-MI is one of the
leading companies in near-field antenna test scanners, as well as in studying and
developing near-field measurement techniques and hardware [20,34-36]. With the
advancement of technology, new systems have been developed to perform these
tests with a higher degree of precision and speed at a lower cost, as professional
systems are highly expensive. Furthermore, these systems are typically designed to
meet research needs and may require specific modifications [37-39]. In the realm of
mmWave, due to the reduced size of the wavelength, scanning systems tend to be
more compact. Additionally, there is the possibility of adding more functionalities

and test capabilities, as demonstrated in [3,40,41].

1.3 Proposed System

The focus of this thesis is to develop new software that allows users to have easier
control over the system. The user interface (UI) is more organized and intuitive
and can show real-time data collected by measurements, with most of the post-
processing algorithms included in the software. The versatility of the software is
another strong point. As long as the user has knowledge about the code, it is

possible to program new operation methods as well as new specific functionalities



into the system. Conversely, on the hardware side, a structure was designed to aid
in far-field scanning tests. This structure allows easy installation of the antennas
under test (AUT) and also allows adjustment of the distance between the axis of
rotation and the center of the antenna, achieving flexibility when measuring different
types of antennas. As a consequence of the versatility of the system, three more
functionalities or operation modes were implemented. With an ingenious design to
achieve far-field calibration tests for mmWave antennas in package (AiP), which
need to be located horizontally, it was possible to calibrate and characterize these
AiPs with high precision. Although the calibration process had to be done outside of
the UI, the near-field and far-field measurement test algorithms were implemented
into the software. It is also important to highlight that all calibration, near-field,
and far-field measurements use the same probe. Even though theoretically, near-
field and far-field probes have different properties, a simple but powerful component

was used to compensate for this difference.

1.4 Organization of the thesis

The content of this thesis will take a progressive approach. To begin with, Chap-
ter 2 reviews the background of near-field and far-field tests, describes the features of
the original mmWave scanner, including hardware, software, and operation modes,
and presents measurement results taken at the time of its development. It also
highlights the disadvantages of the original system’s software. In Chapter 3, all the

improvements that were implemented are discussed, starting with the change of the



software. The chapter describes the advantages that the new software will have over
the previous one and provides a comparison of different scanning algorithms in all
modes with measurement results shown in Chapter 2. Chapter 4 details the new
situation that the company Metawave faced with their new product, the need for a
calibration system, its requirements, and the system’s design, components, and in-
corporation into the mmWave scanner system. Finally, in Chapter 5, the calibration
algorithm and its results are described. Additionally, a new mode of NF and FF
measurements was developed specifically for this antenna due to its special features,
which will be further explained later. In the conclusions chapter, the advantages of
the new software, measurement results, and the versatility to incorporate new se-
tups and operation modes like the AiP calibration setup are discussed. The results

of the latter will also be examined in this chapter.



Chapter 2

Original mmWave Scanner System

This chapter will describe the mmWave scanner system developed by Metawave
Corp. and OU-ARRC, along with all the theoretical background implemented in
the fabrication of this scanner system, as well as the measurement results obtained

with the original software.

2.1 Background and Requirements of Antenna

Measurements

Theoretical background serves as a crucial guide in designing both the hardware
and software components of the system. Its significance is essential; for instance, in
software design, the background plays a pivotal role in determining the movement
algorithms of the linear positioner for conducting precise measurements. Further-

more, it significantly influences the post-processing procedures.

2.1.1 Near-Field Scanning Measurements

An antenna is a device that transforms guided EM waves, from electric sources,
into radiating waves that propagate in free space. The properties of these propa-
gating waves change with the distance from the antenna. This space around the

antenna is divided into three regions [8], as shown in Figure 2.1. Many authors have
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Figure 2.1: Field regions around the antenna

proposed different mathematical equations to define these regions. For example,
Balanis [8] defined the limits as N Fj;; = 0.62\/D3—//\ and F Flypi = 2D? /), where
A is the wavelength. Slater [42] defined the N Fj, = 3\, and the FFj,,; is the
same as Balanis.

As the name indicates, near-field scanning antenna measurements are performed
in the near-field region or Fresnel region. There are mainly three types of NF
scanning: planar near-field range (P-NF), cylindrical near-field range (C-NF), and
spherical near-field range (S-NF') [42,43]. The selection of the test type usually de-
pends on the geometry of the AUT. However, for NF system designers, the decisive
factor is how complex the system will be. Unlike the P-NF, where the AUT remains
at rest, the C-NF and S-NF require the AUT to rotate in azimuth (C-NF, S-NF)
and elevation (only S-NF) [2]. For P-NF, there are also many types of acquisition
geometries, as shown in Figure 2.2. The scan patterns must meet certain require-
ments to acquire reliable data, such as the definitions of dimensions, probe antenna,
and sampling rate, which must meet the Nyquist criterion to avoid aliasing. The

most common scan pattern is the raster scan [42] due to its simplicity. The raster
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Figure 2.2: Acquisition geometries for planar near-field range measurements. Fig-
ures adapted from [2]

scan pattern is a P-NF, and it consists of moving the probe antenna linearly in one
direction and in the opposite direction in the next row.

Some special characteristics are required for the probe antenna in NF measure-
ments. According to Gregson et al. [2], the probe antennas must have the following
characteristics: time-invariant gain and mechanical rigidity, absence of nulls in the
pattern and low directivity, wide bandwidth, low reflection coefficient, and good
polarization purity, or at least better than that of the AUT.

In the planar near-field test, it starts by calculating a scanning range, which
is the distance the probe travels in the z-y plane. The formula to calculate the
scanning range is shown below. Figure 2.3 shows the a graphic representation of the

formula.

D represents the diameter of the AUT, P represents the diameter of the probe, Z
represents the distance between the AUT and the probe antenna, and 0y represents
the maximum processing angle from the bore-sight [36].
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2.1.1.1 Near-field to Far-field Transformation and Probe Correction

The post-processing algorithm that transforms the NF phase into an angular
spectrum is called near-field to far-field (NF/FF) transformation, even though the
terminology is not correct since it does not transform the data from one distance to
another. The transformation only changes the phase front into an angular spectrum
at the same position, and the result is an equivalent of a far-field pattern [42]. There
are many NF/FF transformation techniques, and these differ depending on the NF
scanning type, which includes planar, cylindrical, and spherical types. However, the
principal advantage of the planar NF/FF technique is its mathematical simplicity,
and it is also easy to implement the Fast Fourier Transform (FFT), a highly effec-
tive tool capable of performing the high-level calculations required by the Fourier
transform in a very short amount of time [8]. This transformation involves a large

number of equations and calculations detailed in [8], [44], and [45].
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The probe correction is a necessary process in NF measurements because it
compensates the non-ideal behavior of the probe antenna. In this process the far-
field patterns of the probe must be known due to the interaction of the NF phase
front between the probe and the AUT antennas [45], [35]. And the equations that

define the probe correction are the following.

EC = ECu/Eprobe (22)

EX - EXu/Eprobe(¢>+90°) (23)

Where E¢ and Ex are the true/compensated FF patterns of the AUT in co-
polarization and cross-polarization directions respectively, E¢, and Ey, are the
uncompensated FF patterns of the AUT. E,, .. represents the FF pattern of the
probe antenna, all in complex values. This is a simplified version of another more
complete equation in [35], where the FF patterns of the cross-polarization direction

of the probe antenna were ignored.

2.1.2 Far-Field Scanning Measurements

For far-field measurements, the sampling must be taken in the FF region. Figure
2.1 shows where the FF region is located; the distance of the FF limit is defined by
Balanis [8] as follows:
2?2
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Figure 2.4: Illustration of a far-field antenna measurement generic setup.

This region is defined as the region where the angular field distribution is inde-
pendent of the distance from the antenna. For this test, both antennas must have
a separation of at least F'Fj;,; between them, so that the AUT is illuminated by
nearly planar waves generated by the probe [46]. The test consists of straightfor-
wardly taking measurements with the instrument while rotating the AUT in both
azimuth and elevation. Figure 2.4 illustrates a generic picture of a far-field antenna

measurement test.

2.2 System Description

The system was originally designed for a variety of tests that allow the mea-
surement and calibration of W-band antennas. With precise hardware design and

software control, measurements can be performed with a high level of precision.
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The system was originally designed to work in the frequency range of 75-110 GHz
(W-band). The tests, also known as modes of operation, include near-field planar
(NF), far-field (FF), active array calibration (AC), material characterization (MC),
and radome characterization (RT). For all these operation modes, most of the com-
ponents are shared. This means that the hardware, software, and measurement
instruments are shared, though some components like the probes cannot be shared
since they must have special features depending on the application. This multitask-
ing characteristic of the system allows for a reduction in both costs and physical
space requirements, especially when instrumentation like a VNA in mmWave fre-

quencies (W-band) is very expensive in the market.

2.2.1 Hardware

The hardware of the system consists of two different and important types. The
first one is the instrumentation, which is a VNA. Copper Mountain Technologies
(CMT) is a renowned company that manufactures VNAs capable of operating at
ultra-high frequencies due to their frequency extension system, which has the ability
to make accurate measurements for various mm-Wave applications. The model
chosen for the system is the C4209. It is a two-port vector analyzer with a fast
sweep speed down to 10us per point and a dynamic range of up to 110 dB. Its
normal frequency range of operation is from 100 kHz to 9 GHz. However, with
the CobaltFx frequency extenders (FE), the frequency range increases to 75 GHz
to 110 GHz. Table 2.1 shows more specifications of the instrument. The CobaltFx
system is precise equipment with repeatable measurement results, offering fast sweep
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measurements down to 10us per point and a dynamic range of up to 110 dB. It is

ideal for mmWave systems.

LP: Linear positioner
RT: Rotary table
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Figure 2.5: Description of the multipurpose mm-Wave scanner modes: a) All the
hardware that makes up the mmWave scanner. b) Shows the setup and components
used in the near-field antenna test. ¢) Shows the setup in the far-field antenna test.
d) Shows the setup for material and radome characterization.

The second type of hardware in the system is the positioners. This hardware al-
lows the motion of the components in space. The manufacturer of these positioners

is called VELMEX. This company is well-known for manufacturing reliable motor-

ized positioners with high resolution for positioning and easy control. There are
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Table 2.1: Specifications of Distributed Network Analyzer

Parameters

VNA (CMT C4209)

FE (CobaltFx FEV-10)

Freq. Operation
Test Power out
Dynamic Range
Interface
AC/DC Power
Weight

Temp. Operation

100 kHz to 9 GHz
-60 dBm to 60 dBm
138 dB (142 dB typ)
N-Female

110-220 VAC (75W)
7 kg

0 °C to 30 °C

75 GHz to 110 GHz
0 dBm to 5 dBm
100 dB (110 dB typ)
WR-10

6V at 2.2A

3-5 kg

0 °C to 30 °C

two types of positioners used in the system. The linear positioner, known as bislide,

allows linear motion along a determined axis. The rotary tables allow rotational

motion with high angular resolution. The resolution of the positioners depends on

the model. However, in this system, all the bislides have the same resolution; the

only aspect that changes is the travel length. Table 2.2 shows more information

about the motorized positioners.

The final design of the system was done by using 9 motorized positioners and the

VNA with the frequency extenders, separating the system into three subsystems, as

shown in Figure 2.5. This figure also shows how the operation modes are distributed

and how they work.
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Table 2.2: VELMEX Motorized Positioners Specifications. Notations (B) and (R)
Correspond to Bislide and Rotary Table Respectively

Positioner  Type Travel Travel Width Dynamic  Repetibility
Model Resolution Length  (B)/ Di- Load

(B)/ Gear ameter

Ratio (R) (R)

MT10- Tandem 6pm 121.92 cm 17.27 cm 272.15 kg 5.08pum
0480-E01  Bislide
MN10- Bislide 6um 121.92 cm 8.64 ecm  136.1 kg 5.08um
0480-E01
MN10- Bislide 6pm 60.96 cm 8.64 cm  136.1 kg 5.08um
0240-E01
MN10- Bislide 6pm 1524 cm 8.64 cm  136.1 kg 5.08um
0060-E01
B4872TS  Rotary 100 arcseg 72:1 127cm 113 kg 1 arcseg
Table (Vertical)
B5990TS  Rotary 100 arcseg 90:1 4.2 cm 22.6 kg 1 arcseg
Table (Horizon-
tal)

2.2.2 Software

The software installed on the computer of the system is the controller; it is in
charge of communication and sending commands to the VELMEX controllers to
move the positioners precisely. It is also capable of configuring and collecting in-
formation from the VNA. The software was developed in NI-LABVIEW and has
support to connect and control all elements of the system. The graphical user inter-
face developed is also capable of performing complex processes like raster scanning
for the NF tests or circular scanning for the FF tests by synchronizing different
positioners and the VNA precisely, allowing the system to take reliable measure-

ments. Finally, this graphical interface is capable of data collection for all modes

18



of operation and saving the raw data in files correctly, to later use these files for
post-processing using MATLAB scripts for data visualization.

The system was designed and built in 3 and a half months by the PAARD group.
Starting from mid-December 2019, the system was delivered by the end of March
2020. During that period, only 50 hours were used to develop the software, which
is approximately 5% of the time. In that brief amount of time, an expert in LAB-
VIEW was hired to develop the software, and as a result, it was completed on time.
The software demonstrated exceptional completeness, fulfilling its designed purpose
by seamlessly executing all intended tests. However, there are still areas where en-
hancements could be made. In Figure 2.6, the primary interface of the software
is depicted, featuring intuitive options for managing motor positions, configuring
the VNA, and selecting operational modes like near-field test, far-field test, AUT

calibration and material characterization.
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" ~
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Figure 2.6: Main window of the LABVIEW software shows the operation modes,
motor positions, and VNA s-parameters.
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2.3 Modes of Operation

The mmWave scanner system was initially designed to perform five different
tests, with each test defined as an operation mode of the system. These tests are
not only focused on the measurement of antennas but also on dielectric materials and

array antenna calibration. Of the five tests, three of them shall be briefly explained.

2.3.1 Near-Field Measurements

In the Near-field measurements test, the AUT is located at the end of sub-system
2, and the probe antenna is situated at the end of sub-system 1. For this process, the
software controls both linear positioners LP1 and LP2 to perform sampling every half
wavelength of the defined frequency in the software. The type of scanning defined
for the system is the raster scan, which can be easily performed with the two linear
positioners. The scanning method is called park-and-probe, which means that the
probe antenna moves towards the scan position, stops and takes measurements. The
probe antenna is positioned from 3\ to 5\ to perform the test, and this distance can
be adjusted using linear positioner 4 (LP4). The maximum planar near-field raster
scanner window of the system is 0.5 m x 0.5 m in the z-y plane. A near-field open
waveguide mmWave probe (WR10) with a gain of 6 dBi, operating from 75 GHz to
110 GHz, is mounted on FE1. The linear positioners provide an accuracy of 0.076
mm (A/36 at 110 GHz) with repeatability of 0.002 mm. In both FEs (for the probe

and AUT), there are rotary tables (RT1 and RT2) that enable polarization rotation
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from 0° to 360° with position accuracy of 100 arc-sec and repeatability of 1 arc-
sec. To minimize reflections from metallic parts in the scanner, absorbers (C-RAM
SFC3) were used. C-RAM SFC3 is rated to provide -50 dB reflectivity at the normal
incident angle and -35 dB reflectivity at the £45° incident angle. Fully automated by
the software, it returns the position and measurement data. Figure 2.5.b illustrates
a picture of the NF scanning setup. The polarization change in the measurement

is only done by the probe section (FE1), and it only rotates 90° clockwise facing
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Figure 2.7: a) and b) Near-field results of the NF measurement test of amplitude
and phase, respectively. ¢) E and H plane of the AUT’s simulated and measured
radiation patterns. Figures adapted from [3].
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the probe antenna. Post-processing options, including fast Fourier transform (FFT)
processing, phase retrieval, and probe correction, as well as holographic projections
for near-field antenna, are available in separate scripts [3].

A test was conducted to validate the performance of the system’s NF measure-
ment mode. A W-band pyramidal horn antenna (SAR-2013-10-S2) was used as the
AUT. It operates from 75 GHz to 110 GHz and has a typical half-power beamwidth
of 16° in the E-plane and 18° in the H-plane at the center frequency. The spacing
between the probe and the AUT is 3\, enabling a +£40° far-field angle measurement
and a 60 mm x 60 mm scanning window. Figure 2.7 illustrates the NF results of

the AUT collected by the NF system.

2.3.2 Far-Field Measurements

For the Far-Field Measurement, Figure 2.5.c illustrates the setup designed for
this test. The AUT is positioned above RT3 so it can rotate on its own axis while
the probe antenna, situated on sub-system 1, is elevated using LP1 in order to avoid
interference from LP3 and any obstacle between the AUT and the probe. Addi-
tionally, both antennas must be perfectly aligned; otherwise, the measurements will
represent a wrong cut of the AUT’s radiation pattern. Tools like cross laser devices
are very helpful for aligning the antennas accurately. For this test, a lens-corrected
conical horn antenna that operates from 75 GHz to 110 GHz is used as the probe
antenna. This antenna has a gain of 26 dBi with a 3 dB beamwidth of 7° and

9° in the E- and H-planes, respectively. The minimum required distance between

22



=== Simulated
e Measured | |

Rohacell S1HF support

o

Lens antenna -

RF absorber

Magnitude (dB)
) :
wn o

[A)
S

1.40 cm

I.I(Dch

Open-ended — ‘ 3
: waveguide [ === ] -40 - Sk pedk et ) it i i3 L ]
* probe L B | -30 -20 -10 0 10 20 30
: D Angle ()
(a) (b) (c)

Figure 2.8: Far-field measurement setup and pattern results of a 77 GHz spherical
lens antenna: (a) Picture of the antenna lens and setup in FF mode. (b) Lens
antenna connected to a WR-10 waveguide used as a feed. (c¢) FF antenna pat-

terns using far-field measurement data overlapped with simulated results obtained
in HFSS. Source: Adapted from [3].

the probe antenna and the AUT is F Fyi = 2D?/\, where D is the AUT’s maxi-
mum dimension. This distance can be adjusted using the LP4 positioner. Another
consideration is that the AUT’s center must be aligned to the rotary table so the
distance between the AUT and the probe antenna remains constant. The validation
data collected in the original system was by measuring in the FF region the radia-
tion pattern of a spherical lens antenna attached to a WR-10 open-ended waveguide
antenna, which serves as the feed. Figure 2.8 illustrates the setup for the FF mea-
surement test, a graphic illustration of the antenna, and the comparison between

the results simulated in HFSS and the measured data.
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2.3.3 Material Characterization Measurements

Basically, this operation mode is used to characterize any isotropic dielectric
materials. To measure the intrinsic properties of the material (permittivity, perme-
ability, and loss tangent), techniques like TRL calibration and time-domain gating
are commonly used in instruments of this nature. And, of course, this mode will
also utilize them. The calibration of the VNA is extremely important in this setup

because the algorithms used to calculate the intrinsic properties are highly sensitive
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Figure 2.9: Comparison between simulated (HFSS) and measured results obtained
in the mm-Wave region: a) Permittivity vs. frequency. b) Error in permittivity vs.
frequency. c) Tangent-loss vs. frequency. d) Error in tangent-loss vs. frequency.
Figures adapted from [3].
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to errors. TRL calibration uses thru, reflect, and line standards to determine and
remove the error coefficient terms.

Time gating is used to remove the EM information in the space from the sample
to the port, so the data collected would be only inside the material sample. For the
TRL calibration, the reflect standard is measured by placing a metal plate between
the antennas, and the thru standard is measured by removing the plate (free space).
A focused Gaussian beam guarantees a minimum spot size in the middle of the
sample that is not affected by the diffracted fields at the edges of the material under
testing (MUT). The test uses the s-parameters to evaluate the overall performance
of the MUT in the frequency domain. After that, the collected data is processed
by different algorithms which can extract the intrinsic properties of the material.
The validation measurement for this operation mode was the characterization of two
materials: Rogers 5880 and Rogers 4350B. Figure 2.9 shows a comparison of those
two materials between the simulated and measured results, where the maximum

error is below 1%.

2.4 Summary

A high-technology company named Metawave collaborated with the PAARD
team of the ARRC to develop a system capable of multiple tasks of antenna mea-
surements, calibration, and material characterization. This system was designed
to measure the antennas they develop in NF and FF regions at mmWave frequen-

cies (W-band). The project was completed in less than 4 months, and the system
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possesses 9 motorized positioners (axes), which allows the full functionality of the
system and all its operation modes. The system has 3 main operation modes: NF
and FF antenna measurements, which allow the measurement of the radiation pat-
terns of the AUT, and material characterization, which allows the measurement of
important properties of the MUT like permittivity and permeability. The hardware
distribution of the 9 axes is divided into three sub-systems: sub-system 1 is ded-
icated only to the NF test, sub-system 2 is used for the FF test, and sub-system
3 is mainly used for the MC test. The software used to control the system was
developed in LABVIEW. However, due to the limited time in finishing the project,
the software presented some limitations. The software worked fine when it comes to
configuring the parameters of the measurement and starting the process but did not
allow the user to visualize and perform some basic post-processing on the collected
data; it only allowed the user to save it. Another limitation was that the GUI was
not very well organized, and some configuration entries were hidden. The software
also presented some elements in the GUI that had no functionality or did not func-
tion as intended. Finally, even though the NF test’s results were highly reliable,
the operation time of the test was very long. Finally, a validation test was done
for each operation mode, which showed a comparison between simulation data and

measurement data to determine the reliability of the system.
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Chapter 3

System Improvements

3.1 New Graphical User Interface Software

The main objective of this chapter is to develop a new graphic user interface
software. Given the widespread use of MATLAB and Python in various scientific
endeavors, it was chosen to develop the software in MATLAB for better compatibil-
ity. This software allows the user to have much better control over the positioners
and VNA configuration, as well as the calculation and input of test measurement
parameters, built-in post-processing algorithms, and, finally, better visualization of
the measurements and results.

The new software was developed in MATLAB’s App Designer application. App
Designer is an app-building software that allows the user to easily develop apps
based on the MATLAB programming language. The user only needs to drag and
drop the widgets into the app environment and define their behaviors. App Designer
automatically generates the object-oriented code that specifies the app’s layout and

design [47].
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3.2 Software Description

The designed software must be capable of communicating with four devices si-
multaneously. Typically, each manufacturer has a software engineering team that
develops libraries in various platforms such as Python, MATLAB, or LABVIEW.
As mentioned previously in Chapter 2, these libraries were utilized in the previous
software. However, in the MATLAB environment, there are no available libraries.
Therefore, they need to be developed from scratch to ensure successful communica-
tion with the device. Fortunately, all the devices have standard communication pro-
tocols with a computer, allowing for effective control of the equipment. In the case
of the linear positioners, all nine positioners are controlled by three controller de-
vices (VXM), which communicate with a computer using specific commands. These
commands enable the control of the positioners connected to them, allowing for func-
tions such as changing the relative position, absolute position, index position (the
current position value of the positioner), speed, acceleration, etc. Utilizing these
commands, it is possible to create a library that serves as an interface between
MATLAB functions and line command strings.

To construct the line commands, the code must possess the versatility to receive
parameters for a specific motor, dynamically assemble the command, and transmit
it to the motor’s controller. Achieving this simplicity required the implementation
of Object-Oriented Programming (OOP). By employing OOP in MATLAB, soft-
ware complexity can be effectively managed by organizing the code into cohesive

components, facilitating maintenance and scalability. This methodology enables
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the avoidance of redundant code by creating reusable objects with clearly defined
interfaces, thereby concealing the intricacies of the underlying code [48]. Through
OQP, it became feasible to virtually construct an object structure for each hardware
component of the system. Each motor exhibits distinct properties and is positioned
differently relative to its controller, necessitating the software’s awareness of these
positions. Moreover, a crucial discrepancy in the linear positioner lies in the size of
the lead screw, which dictates precise positioning through rotation. However, de-
pending on the positioner model, the spacing between the screw threads may vary,
resulting in differences in speed and positional resolution. To ensure precise system
control, the software must account for these disparities and store them within their
respective objects.

Figure 3.1 shows a brief overview of how OOP was structured in the mmWave
scanner system. As explained in the previous chapter, the scanner system comprises
a VNA connected to 2 frequency extenders, which fortunately do not need to be
modeled in the software as the VNA already has drivers to control them without user
interference. The system also includes 3 motor controllers (VXM), each connected
to various motorized devices such as linear positioners (also known as bislides in
the figure) and rotary tables. Each positioner is assigned an order number in the
controller, which is essential for object design in the software. In OOP, an object can
contain other objects, so a controller object can have up to 4 motor objects, which
may be either bislides or rotary tables. The primary objective of this structural
design is to have a single function that can control the position and speed of all

positioners in the system, without worrying about the different properties of the
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motors and controllers. The object will retrieve the properties and parameters of

the other objects inside it and use them to calculate the necessary parameters for

building the command that is later sent to the controller to perform the action.

The only drawback of the software is that the configuration file, which contains all

necessary information about the motorized positioners, must be correct. If there are

changes in the connections of the motors in the controller or changes in the models

of the positioners, the software will not automatically update the configuration, and

errors may occur. Manual configuration updates are required by the user in such

cases.
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Figure 3.1: Diagram of the structure of the system in reality and its model in the

software using OOP.
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3.3 User Interface and Scanning Improvements

With the new software structure, developing and organizing algorithms for the
testing processes became easier. Consequently, it was also possible to enhance the

quality and speed of the tests.

3.3.1 New Graphic User Interface

The new GUI is divided into four main windows. In the first window, all the con-
figurations are located. The parameters for serial communication with the VELMEX
controllers can be found, and with one button, the user can connect to all of them.
After a successful connection, new configuration entries are unlocked, and the user
can move a specific positioner a determined distance and speed. An image shows
which motor is selected and the direction of the movement. Additionally, in the
same window, VNA connection and configuration options are available. Whenever
the user wishes to change VNA configurations, such as the frequency range, number
of frequencies, or select the desired S-parameter (S12 or S21), all those options can
be found in this window. Figure 3.2 shows a picture of the main window configura-
tions, while Figure 3.3 displays the near-field setup window, which allows the user to
control the motors commonly used for the alignment of the AUT or probe antenna,
as well as the distance between the two antennas. It also calculates the scanning
windows and the position grid where the samples must be collected. Finally, it
configures the polarization and the scanning method, which are park-and-probe or

continuous scanning.
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Figure 3.5: New GUI material characterization setup window, configures the motors’
position for alignment and calibration, and visualizes the s-parameters collected from

the VNA.
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The next important window is the far-field configuration and data acquisition
window, as depicted in Figure 3.4. In this window, the GUI allows the user to
control the rotary table responsible for performing the FF measurement test, crucial
for precise alignment. It also configures the total scanning angle and the angle
resolution. The software is also capable of displaying the measurements in both
magnitude and phase in real-time. Finally, there are some basic plot controls for
user visualization of the results and data storage in a file.

Finally, Figure 3.5 illustrates the material characterization setup window that
was designed. This window, like the others for different operation modes, allows the
control of five different motors: 4 linear positioners for aligning the antennas and
calibrating the VNA, and the rotary table for rotating the sample at various angles
for incident angle measurements. It also calculates the A/4 of a specific frequency,
which is important for VNA calibration. This operation mode does not require
real-time data collection, but it immediately displays the s-parameters that will be
used to calculate the intrinsic properties of the material. Lastly, there are basic plot

control settings.

3.3.2 Near-Field Scanning Improvements

In contrast to the previous software, which only permitted park-and-probe mea-
surements, wherein the probe halts at each measurement position to enable precise
measurements, the time required to complete a raster scan in one direction was con-
siderable. If the user desired to conduct dual-polarization scanning, the time would
double.
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It is possible to view the collected data in real-time, displaying the magnitude
and phase at a specific frequency in a spatial distribution, represented on an z-y
axis plane where the samples were collected. Figure 3.6 demonstrates the software
collecting near-field data of the antenna at 75 GHz, showcasing both magnitude and
phase in real-time.

As previously mentioned in Section 2.2.2, the post-processing algorithms were
performed outside the Ul program, in separate scripts where the saved data is loaded
and processed. The inconvenience with this method is that the user must have some
level of understanding in order to operate the script, to find where or what param-
eters are going to be used and change them properly. In the newly developed GUI,

the post-processing algorithms were incorporated, and all the parameters needed

[ mmWave RF Scanner Controller
Configurations | MearField  FarField  Material Characterization

Setup  Near-Field Far-Field Ty

Near-Field

Stop Scanning

delay (ms)

Near-Field Magnitude Measurements at 75 GHz Near-Field Phase Measurements at 75 GHz
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Figure 3.6: Near-field measurement in progress of a horn antenna at 75 GHz in cross
polarization.
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Figure 3.8:

GUI tab window in the Near-field section that shows the hologram back
projection results.
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for the algorithms are displayed in the GUI. Figure 3.7 and Figure 3.8 show the
GUI window for both the NF to FF transformation results and holographic back
projection, respectively. The window allows the user to select which plane of the cal-
culated radiation pattern is being shown. It also enables loading previously stored

files to display comparisons in the graphic plot.

3.3.3 Raster Scanning Algorithm Improvements

Originally, due to software limitations in LABVIEW, the raster scan algorithm
was restricted to only one method, similar to a calibration method known as park-
and-probe [22], [20]. This method involves moving a linear positioner that holds
the antenna probe to a specific location, stopping, and then collecting data from
the VNA (s-parameters in amplitude and phase). Subsequently, it moves to the
next location, typically A/2 in either the x or y direction. Although this method
has demonstrated high measurement precision, it is also extremely time-consuming.
The high precision is attributed to the probe triggering and collecting VNA data
numerous times at each position, followed by averaging the data. Averaging reduces
errors induced by environmental noise.

There are some solutions to reduce the duration of the process. One of those
methods is performing a continuous scan. In other words, instead of stopping at
every position, the main software synchronizes the movement of the positioners and
the VNA data collection trigger to collect the data at a specific probe position. For
the mmWave scanner system, there used to be two possible solutions that allow the

NF system to collect data continuously. One of them is to add special hardware
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offered by VELMEX, which is the encoder. This device is installed in the positioner’s
hardware as an add-on, and its purpose is to accurately measure the current position
of the motor with a resolution of 1um. However, the downside of this hardware is
that the encoder controller is also very slow to send the position to the computer
because the computer has to ask for the position from the encoder every time instead
of the encoder constantly sending the information. This two-way communication
requires reducing the speed of the positioner to a point where it is as slow as the
park-and-probe method. Due to this drawback, the most viable option is to use
MATLAB tools and create an algorithm to synchronize the timing of the positioner
movement and the trigger signal sent to the VNA.

The motion of VELMEX linear positioners, like many other positioners, follows
a uniformly accelerated rectilinear motion (UARM). This means that the path the
positioner follows does not have a constant speed, but there are sections where there
is acceleration and deceleration (see Figure 3.9.a). This is critical for synchronizing
the data collection timing because if this acceleration is not taken into account,
there will be a delay in the sampling in each row of the raster scan grid. In order
to avoid this variable speed section, the solution is simple. The software calculates
the sample positions using the AUT dimensions, probe size, desired FF angle, and
probe distance from the AUT. With these parameters, the software calculates the
scanning window and sample positions with a spacing of \/2 (default). In the case
of performing the scan in the x direction, the software will only use the first and
last points of the row and all the points in the column. Figure 3.9.b shows, in red

dots, the first and last sampling points of the raster scan grid. Then, using the basic
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Figure 3.9: a) The trapezoidal speed profile of the VELMEX motor showing the
sections where the speed is variable and constant. b) Raster scan sampling and
motion positions

equation of the UARM, the distance and time where the speed is variable can be

calculated.

-

A.I'VSS = 2 a (31)
Vf — U;

tyss = L - (3.2)

Where Az is the distance where the speed is variable, and ¢ is the time, with v
and v; representing the final velocity and initial velocity respectively, and a repre-
senting the acceleration. The acceleration of the VELMEX motors is configurable,
with this configuration provided by the user in a command and the values ranging
from 1 to 127, representing 7 bits. VELMEX has measured and defined accelerations
and initial velocities for each value of the acceleration configuration (see Appendix

A). For example, for an acceleration of 2, this means that the initial speed is 141
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Figure 3.10: Timer object schedule configuration for multi-execution mode. Figure
adapted from [4]

steps/s, where ”steps” is a unit representing the rotations of the motor, and an
acceleration of 8000 steps/s? (Figure 3.9.a). However, it is recommended to use low
values for acceleration to avoid synchronization issues between the motor and the
controller.

Once those values were calculated, the distance Axygs was added to the initial
and final sampling positions. In Figure 3.9.b, these positions are represented as
the blue dots. To synchronize the sample trigger with the position of the probe,
MATLAB has an object called a timer, where one of its configurations allows a
function to be called every defined period of time [4]. This function will trigger,
collect, and store the data from the VNA.

The timer object has four configurations that trigger the callback function differ-
ently. Three of them are used for multi-execution mode, which means that the timer

function is called every certain period of time. Figure 3.10 shows the behavior of all
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three configurations. The three configurations include fixedSpacing, which initiates
the next cycle after a set duration following the conclusion of the preceding cycle.
FixedDelay triggers the subsequent cycle after a specific time has elapsed since the
commencement of the prior cycle, without accounting for any queue lag. Lastly,
fixedRate commences the next cycle after a predefined interval from the start of the
previous cycle, considering the queue lag. This feature of the timer is important be-
cause it greatly affects the timing of the measurement if it is configured incorrectly.
To achieve a precise sampling frequency, the fixedRate configuration, illustrated in
the figure, is used. However, due to the computer running other background pro-
cesses, there is a queue lag that might disturb the period of the timer, reducing the

precision of the sampling and causing some issues at the moment of sampling.

3.3.3.1 Continuous Raster Scanning Queue Lag Issue

After developing the code for the continuous raster scanning algorithm, it under-
went immediate performance testing. The results are depicted in Figures 3.15.c and
3.15.d, illustrating the NF' scan test results in magnitude and phase, respectively.
The graphs reveal significant inconsistencies among the measurement rows. This
inconsistency introduces substantial errors in the radiation pattern after the NF to
FF transformation, as elaborated in Section 3.4.1. To address this issue, several
approaches were pursued. Initially, it was suspected that the imprecision lay in the
time required for acceleration. Consequently, a manual time delay offset was intro-
duced, temporarily resolving the problem. However, subsequent modifications to the

scan settings, such as altering the AUT and scan window dimensions, necessitated
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Table 3.1: Average period of the last 10 measurements corresponding to Figure
3.11.a and b.

Calculated period (ms) | Average period (ms) | Difference (ms)
350 362.26 12.26
350 361.67 11.67
350 361.62 11.62
350 362.16 12.16
350 361.54 11.54
350 362.44 12.44
350 361.32 11.32
350 361.38 11.38
350 361.76 11.76
350 361.33 11.33

recalibrating the offset, a time-consuming process. Eventually, the park-and-probe
scanning method proved more effective. Alternatively, reducing the scanning speed
eliminates misalignment as a concern. However, this solution also compromises the
method’s ability to achieve its primary goal of reducing scanning time. Fortunately,
MATLAB’s timer object offers a method to measure the real average period of the
timer. It revealed that the measured period slightly differed from the calculated
period. To better visualize the period error, a new process was programmed to
conduct a pseudo raster scan, with the only difference being that the probe doesn’t

move along the axis perpendicular to the continuous scanning axis; instead, it moves
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only back and forth. This allows for a comparison of rows in the measurement that
are expected to be highly similar. Figures 3.11.a and 3.11.b illustrate the problem,
and the measured period of the timer is presented in Table 3.1. During this test,
the probe moved horizontally, collecting 81 samples via the timer function. After 20
row measurements, the difference between the actual period was approximately 10

ms. This delay accumulates with each sampling, resulting in misalignment in the

rows of the plot.
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Figure 3.11: a) and b) present the magnitude and phase, respectively, of mea-
surements conducted with the probe moving back and forth along the same row,
demonstrating the error in timer period. Similarly, ¢) and d) showcase the magni-
tude and phase of the identical process, incorporating the application of Equation

3.3.
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An algorithm to correct this period error became necessary. Initially, an aver-
aging method was employed. This involved taking all the difference values in Table
3.1, averaging them, and subtracting the result from the calculated period, which
was then used to configure the timer. However, this approach proved inefficient be-
cause of the irregular lag of the computer; consequently, the corrected value failed to
precisely adjust the period. Subsequently, a simple iterative process was developed.
In each row measurement, Equation 3.3 was applied to obtain an average period as

close as possible to the calculated period, which represents the ideal value.

Pd = Pc+ Z(Pc — Pave;) (3.3)

i=1

Where m is the current iteration in the iterative process of the period calibration,
Pc is the calculated period for the sampling, Pave; is the measured period of the
timer after a sampling process, and Pd is the new period correction that will be
configured into the timer for the next sampling process. To test this calibration
algorithm, the same process was used as previously, and the results are shown in
Fig 3.11.c and d, which illustrate much better alignment in the measurements of
magnitude and phase. Table 3.2 shows less difference between the calculated period
and the average period of the timer. This method proves to be better at finding a

period correction value that is applied in the NF continuous scanning.
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3.3.4 Far-field AUT Holder Structure

In the case of the Far-field operation mode, the frequency extender 2 (FE2) must
be moved and attached to the rotary table at the peak of subsystem 2. For the tests
in Chapter 2, a support was built to accommodate the AUT. However, only that
specific AUT fits on that support. Furthermore, the aforementioned support is no
longer available, so a new support structure was designed.

The only requirement for this design is that it must support the frequency ex-
tender, which weighs 2.2 kg according to its specifications, and the AUT holder

must slide a certain distance across the center of the rotary table, so the AUT’s

Table 3.2: Average period of the last 10 measurements corresponding to Figure
3.11.c and d.

Calculated period (ms) | Average period (ms) | Difference (ms)
350 351.53 1.53
350 347.72 -2.28
350 352.89 2.89
350 348.05 -1.95
350 354.33 4.33
350 348.18 -1.82
350 352.13 2.13
350 347.21 -2.79
350 353.12 3.12
350 346.53 -3.47
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Figure 3.12: a) First prototype of the AUT holder structure, 3D printed made by
a combination of PLA and ABS. b) Second prototype of the AUT holder structure
made with aluminum. c¢) Photo of the complete far-field setup featuring both AUT
and the probe antenna.

center can be positioned on the axis of rotation. The first prototype was designed
using SolidWorks, a computer-assisted design software. The structure consists of 4
parts: the attachment to the rotary table, the slider holder, the FE carrier, and the
AUT holder. Once the design was finished, it was 3D printed using a Bambu Labs
x1 Carbon printer. Initially, it was printed using Polylactic acid (PLA) material.
However, this material breaks if the piece bends past a certain point of tolerance.

Therefore, acrylonitrile butadiene styrene (ABS) material was used; it is stronger
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Figure 3.13: The AUT holder structure accommodates various antennas installed
as AUTs, each centered to the rotating axis. The antennas include: a) WRI10
Spot Focused Horn Lens Antenna (SAQ-903071-10-S1). b) WRI10 Lens Corrected
Antenna (SAL-7531142607-10-S1). ¢) WR12 Pyramidal Horn Antenna (SAR-2309-
12-52) [5].

and more durable than PLA. Figure 3.12.a shows a photo of the first prototype 3D
printed with ABS material, which successfully allowed the alignment of the AUT’s
center to the rotation axis. However, the structure experienced bending due to the
weight and torque contributed by the FE, though the material managed to with-
stand without breaking. Nonetheless, the possibility of breakage remained, and the
bending caused an offset in the direction the AUT faced. Due to this issue and uti-
lizing the same approach as the previous design, a second prototype was built, this
time using aluminum. The sturdiness of the metal resolved the weight and bend-
ing problem, as depicted in Figure 3.12.b. The functionality of aligning the AUT’s
center to the rotating axes using different antennas of varying sizes is illustrated in
Figure 3.12. Finally, absorbers were added to avoid electromagnetic reflectivity on

the metallic structure, and the setup is now ready for data collection and antenna

radiation pattern measurements, as shown in Figure 3.12.c.
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3.4 Results, Comparison and Validation

In this section, the results of the antenna measurements, specifically the NF and

FF tests, will be presented and analyzed.

3.4.1 Near-field Test Measurement Results

To validate the performance of the NF system, a standard gain horn (SGH)
antenna (SAR-2309-12-S2) was placed under testing. The dimensions of the antenna
are 27 mm x 20 mm, with a FF angle of 80°, and a distance between the AUT and the
probe is 3A. The scanning window was calculated using Equation 2.4 at a frequency
of 75 GHz, where A = 2 mm.

Figure 3.14.a and Figure 3.14.b illustrate the results in magnitude and phase,
respectively, of the NF test using the park-and-probe scanning mode. Figure 3.14.c
and d both show the same magnitude and phase measurement but with the difference
that these results were obtained in cross-polarization, respectively. Figure 3.14.e
shows a comparison between the FF pattern obtained from the NF results by using
the NF to FF transformation algorithm and the simulated antenna patterns that
can be found in its datasheet [5]; it also shows the cross-polarization patterns of
the antenna. The traces of both simulated and measured data in the E-plane have
a high similarity, while in the H-plane, there is a more noticeable difference in the
patterns at angles below —20° and above 20°. These results partially support the

reliability of the system in NF test measurements with the park-and-probe method.
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Figure 3.14: a) NF magnitude results of the SGH in dB. b) NF phase results of the
SGH in degrees at 75 GHz. ¢) and d) are the magnitude and phase of the cross-
polarization measurement of the SGH at 75 GHz respectively. e) SGH radiation
pattern comparison between simulation and measurement in both E- and H-planes.
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The discrepancies with the H-plane pattern are later discussed by comparing them
with the FF results in Section 3.4.2.

In order to measure the performance of the continuous raster scan type, other
measurements were performed. The following results show the impact of the non-
period corrected continuous scan method. Figure 3.15 shows a comparison of the
NF measurement between the continuous scan with and without period correction,
with the park-and-probe results used as reference. Figure 3.15.c and d show the
NF results without period correction. In those two figures, there is a noticeable
discrepancy between the rows. The graphics do not form a defined shape but appear
to have an offset in the collected data of each row of the plot. This offset, caused
by the real increased period of the timer object (Table 3.1), actually has a high
influence on the calculated radiation pattern.

Figure 3.16 illustrates the radiation patterns of the previously mentioned NF
results. In the case of the E-plane, which corresponds to the plane equivalent to the
y-axis in the plots, the pattern results are highly similar. This is because the spacing
in the data of the y-axis is exactly half-\ for every measurement. The difference
lies in the H-plane, which is represented by the z-axis in the NF results. In the
case of the non-corrected period, there is a significant difference compared to the H-
plane data of the other methods. These results demonstrate two important points:
the importance of period correction to the timer object, and that the corrected
continuous scanning FF results are highly similar to the pattern of the park-and-
probe method, raising doubts about the results of the AUT simulated radiation

pattern obtained from its datasheet.
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Park-and-probe mode NF copolar measurements of horn antenna at 75 GHz (Reference)
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Figure 3.15: a) and b) are the NF-P results in magnitude and phase respectively of
the SGH antenna (SAR-2309-12-S2) which is used as reference. ¢) and d) are the
NF results of the continuous method without any period correction. e) and f) are
the results of the same method applying a period correction.
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Figure 3.16: Radiation patterns of the NF data illustrated in Figure 3.15, it shows
the park-and-probe method, the continuous method with and without period cor-

rection.

Table 3.3: Antenna NF measurements records, showing the total number of samples
and a time comparison between the continuous and park-and-probe methods.

AUT description |Num. of | Total Time in| Time in park-| Times
samples |num. of|continuous and-probe faster
(XxY) |samples |(mins) (mins)

Horn antenna 29x27 783 5.09 13.06 2.56

AiP measurement |28x29 812 5.30 13.01 2.45

AiP measurement | 33x34 1122 7.20 17.70 2.46

Horn antenna 27x82 2214 13.28 37.77 2.84

Horn antenna | 85x80 6800 42.22 109.66 2.60

copol

Horn antenna | 85x80 6800 42.81 116.73 2.73

xpol

Horn antenna 87x82 7134 42.69 110.77 2.59
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Finally, the main goal of the development of the continuous scanning process is
to increase the speed of the scan without compromising the reliability of the results.
As previously illustrated in Figure 3.16, the reliability of the results is assured. Table
3.3 shows some records of NF measurements performed by the system. This table
displays the total number of points or samples, the duration of the test with each
method, and a factor that describes how much faster the continuous method is over
the park-and-probe method. On average, the continuous method is 2.6 times faster

than the park-and-probe method, achieving the objective of the process.

Pyramidal horn antenna radiation pattern comparison with
actual far-field measurement
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Figure 3.17: Radiation patterns of the pyramidal horn antenna between the simu-
lation, near-field and far-field results.
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3.4.2 Far-field Test Measurement Results

The results obtained with the FF setup described in Section 3.3.4 show some
interesting patterns. Figure 3.17 illustrates the radiation patterns measured using
the near-field and far-field measurement tests and simulation data extracted from
the AUT’s (SAR-2309-12-S) datasheet. The plot demonstrates high similarities in
the results of the E-plane, indicating outstanding reliability of the results in this
plane. However, as discussed in the previous section, discrepancies in the results
of the H-plane were high, especially in angles far from the center (0°). Figure 3.17
shows that the NF and FF results overlap their traces in the H-plane from —33°
to 33° in the plot. However, in outer angles, the line of the pattern obtained with
the FF test starts to deviate. It is believed that this discrepancy in the results in
the outer angles of the plot is due to the low values in magnitude, where floor noise
interference starts to affect the measurements and disrupts the phase of the collected
s-parameters. Additionally, Figure 3.14.b demonstrates, in the phase plot, that the
phase data collected is well-defined in the range between -0.05 to 0.05 meters in the

z-axis. Outside this range, the noise affected the measurements.

3.5 Summary

In this chapter, all the improvements made to the mmWave scanner system
were reviewed. It began by explaining the advantages of designing the graphic
interface in MATLAB. These include the high ease of designing the interface and

the ability of object-oriented programming to reduce the complexity of the program
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when controlling the hardware. In other words, it is possible to control all nine
motors with a single function. This chapter also showcases the designed graphic
interface and its different windows, which include instrument control, near-field,
far-field, and material characterization.

In the near-field program, the improvements included the addition of a con-
tinuous raster scan algorithm that reduces the duration of the tests by 2.6 times.
Additionally, post-processing algorithms such as the near-field to far-field transfor-
mation and hologram back projection were implemented. The design of a structure
for the far-field setup was also detailed, which allows the carrying of the frequency
extender and a sliding feature for adjusting the distance between the rotation axis
of the rotary table and the center of the antenna under testing.

Finally, the results of both near-field and far-field tests are illustrated. In the
near-field test, comparisons between different raster scans (continuous and park-
and-probe) are shown, along with the impact of the timer’s period error on the
measurements. The results demonstrate that the continuous scanning method has
an acceptable level of reliability while reducing the test duration to less than half
compared to the park-and-probe method. However, the park-and-probe scan shows

the highest level of reliability in the measurements.
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Chapter 4

W-band Antenna-in-Package Calibration

4.1 Antenna-in-Package

Antenna-in-Package (AiP) is a technology that has been utilized for many years
to develop antennas for frequencies above 70 GHz. Recently, this technology has
witnessed widespread implementation, particularly in the automotive radar appli-
cations industry, where frequencies ranging from 24 GHz to 77 GHz are extensively

used.

4.1.1 Metawave’s Antenna-in-Package

The Metawave Corp. developed an AiP for the automotive industry, the first
77 GHz beam-forming fully-integrated front-end AiP module, with the operating
frequency range of the antennas from 76 GHz to 81 GHz. The device completely in-
tegrates a SPEKTRAT™ AiP module with a Metawave MARCONI"™ [19]. The
SPEKTRA AiP, or AiP for short, is an analog beamforming antenna with 16-
channels, in which each channel has a phase shifter and a variable amplifier that
allows control over the output power and phase of the antenna. The 16-channels
are connected to 16 phased array antennas arranged in a 4x4 element array. Due to

its functional design and structure, there are two types of these AiPs, for reception
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Block diagram of the SPECTRA AiP Channels
RX Channel

Power Combiner

T I and Q bit registers  bit register
m—’v — RF output

—>
—>
—>

16 Channels

TX Channel

Power Divider

bit register ~ Iand Q bit registers 4]
4_
4_
PA le— RF input
VGA VMPS <«
<—
16 Channels <—

Figure 4.1: Simplified functional block diagram for both TX and RX channels in
MARCONI beamforming chips. LNA represents the low noise amplifier, VMPS
stands for vector modulated phase shifter, VGA denotes variable gain amplifier, LA
represents linear amplifier, and PA stands for power amplifier.

(RX) and for transmission (TX). The Marconi beamforming chip is not capable
of performing both TX and RX operations; because of this, there are two different
models of AiPs developed by Metawave: the MWAiP03T0 for TX and MWAiP03R0
for RX. Figure 4.1 illustrates a simplified functional block diagram for both types
of channels. In the case of the TX channel, the LNA and LA blocks amplify all
the low-powered signals received by the antenna to increase the signal-to-noise ratio
and increase the possibility of detecting a target. The TX side is simpler; it uses
a power amplifier to increase the power out of the antenna. The variable gain am-

plifier (VGA) has a gain control range of 20 dB and a resolution of 0.5 dB. The

S7



fl Length = 2.58 mm

a) b)

Figure 4.2: a) A photo of the AiP chip antenna size compared with a one-cent coin.
b) A photo taken from an electronic microscope showing the precise dimensions of
the antenna elements and the spacing between elements.

vector modulated phase shifter (VMPS) has two-bit registers which allow a phase
shift range of 360° with a resolution of 2.8°. Table 4.1 shows a brief summary of the
AiP electrical characteristics.

The size of the package is 10.2 mm x 12.4 mm with 16 patch antennas distributed
in 4 rows and 4 columns, as illustrated in Figure 4.2.a. Figure 4.2.b shows that the
rows and columns are not evenly separated. The separation in one dimension is 2.58

mm and in the other is 1.86 mm.

4.2 System Description

The proposed system represents a hybrid configuration capable of both char-
acterizing and calibrating antenna arrays within both the far-field and near-field

regions. The far-field domain primarily serves the purpose of over-the-air (OTA)
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Table 4.1: Summary of the electrical characteristics of the AiP. Provided by

Metawave Corporation.

Transmitter IC (TX) Receiver IC (RX)

RF port return loss (dB) 12
Maximum single channel gain (dBi) 28
Gain control range (dB) 0-20
Gain control resolution (dB) 0.5
Phase control range (deg) 0-360
Phase control resolution (deg) 2.8

Noise Figure (dB)

RF port termination (£2) 50

12

18

0-20

0.5

0-360

2.8

9.5

50

calibration and the validation of antenna patterns. Conversely, the near-field mode

is capable of park-and-probe and continuous scanning measurements. This system

was adapted and implemented in the 9-axis system described in Chapter 3. Build-

ing upon this foundation, this project introduces three additional operational modes

integrated into the system, all while utilizing the same hardware, RF instruments,

and other essential components for setup. Figure 4.3 shows an illustration of the

hybrid system developed for the AiP antenna calibration, near-field measurement

and an special AUT in-situ far-field measurement.
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Far-Field Scanning

Figure 4.3: Image of the hybrid test system portraying the near-field calibration
process and featuring the AiP antenna array and evaluation board. The system
integrates both near-field and far-field scanning operation modes

4.2.1 Requirements

One critical requirement for this system involves the orientation of the AiP
socket; it is essential to have a horizontal placement facing upward. For Metawave,
this configuration is necessary due to the significant number of AiP antenna ar-
rays subjected to the calibration and measurement processes. Such an orientation
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facilitates the chip replacement process, enhancing the efficiency and speed of all
AiP antennas. To ensure precise calibration and establish the desired AUT-probe
distance within the far-field range, the probe antenna must possess both high gain
and a narrow beam. In contrast, during near-field planar scanning measurements,
the primary criterion for the probe antenna is achieving low gain and a wide beam,

as highlighted in [2].

4.2.2 Near-Field Probe and Polyrod Antenna

Originally, a standard gain horn (SGH) antenna with a gain of 23 dB served as
the probe for the far-field mode. The separation distance between the AUT and
the probe in the far-field mode was 66 cm due to the maximum dimension of the
SGH, which was 3.5 cm. Using Equation 2.4, the result was 63 cm. As previously
mentioned, the FF probe must have high gain and a narrow beam. A measurement
test and radiation pattern calculation were performed in Chapter 3, showing that
the half-power (3dB) beamwidth is approximately 14°. However, to carry out near-
field measurements, the probe antenna had to be replaced, and the distance between
the antennas reduced. To enable this system to perform both far-field and near-field
measurements, a probe antenna capable of easily transitioning between high gain and
low gain is necessary. A polyrod, or dielectric rod, is a structure made of dielectric
material without any metallic boundaries. This structure allows the radiation of the
energy that travels through it. With the proper design, this radiating structure can
function like an endfire antenna [49]. In this case, it can focus the radiating energy
of the OEWG antenna. This requirement was addressed by implementing a solution
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involving a polyrod antenna attached to an open-ended waveguide (OEWG). The
polyrod functions as a component to enhance the gain and narrow the beam of
the probe antenna. For this configuration, the polyrod was designed to increase
the gain of a WR10 OEWG from approximately 6 dBi to 17.9 dBi. However, after
fabrication, the measured gain of the polyrod antenna with the OEWG is 16 dBi. To
achieve equivalent power performance as the SGH antenna, the distance was reduced
from 66 cm to 26.6 cm, and this is possible due to the polyrod antenna having
a short FF distance. Common OEWG antennas have a very broad beamwidth.

Figure 4.4.a shows the measured radiation patterns in H- and E-planes, where the

Radiation pattern of the NF probe antenna
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Figure 4.4: a) and b) Measured radiation patterns of the NF OEWG probe and
with the polyrod respectively.
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half-power beamwidth is 98° and 66° respectively, and Figure 4.4.b is the radiation
pattern of the polyrod, where the half-power beamwidth for both planes is 30°. Both
patterns were measured using the setup described in Section 5.3.2, and the method
to calculate the gain is with the three-probe antenna method, the same method used

to calculate the gain of the AiP.

4.3 Calibration Setup

The system operates in three distinct modes: a) AiP element characterization
and array calibration mode, b) horizontal NF planar scanning, and c¢) single-plane
FF scanning mode. A vector network analyzer (VNA) equipped with frequency
extenders (FE) is employed, enabling measurements within a range spanning from
75 GHz to 110 GHz. Further specifications for the VNA and scanner are provided
in Chapter 2. Since there are two types of AiP antennas, for transmission (TX) and
reception (RX), two setups were designed in a way that they can easily transition
from one setup to another. Within this project, the variable gain (VGA) was set at
a 30 dB attenuation to prevent saturation during the calibration process. On the
probe side, a low-noise amplifier (LNA) with a gain of 20 dB compensates for losses
occurring in the free space between the probe antenna and the antenna under test
(AUT). The configuration of the setup is depicted in Figure 4.5. To change between
the two setups, the direction of the LNA is switched since it is an active component
that only amplifies the signal in one direction. In theory, the most efficient way

to design the two setups is by adding an attenuator in the transmitting FE and
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the LNA in the receiving FE. This means that for the RX setup in Figure 4.5,
the LNA and the attenuator should be exchanged in positions. However, such a
configuration would bring some inconveniences. Firstly, the exchanges themselves
entail a rearrangement of the components. Additionally, other waveguides would
need to be included on the transmitting side of the setup due to the short range of

the LNA and the large height of the component, which would become an obstacle

WR12

LNA(TX)  wRr12t0

PA (RX)
WRI12 90 WR10 WR10 WG
deg H-Bend

m

WR1290 P VN Port 1
deg Twist \ Direction:
TX: —»
WRI0 to 1 RXie—
WRIZ T
OEWG antenna
} Polyrod Antenna
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attenuator WRI10

e

VNA Port 2 il

MWSO05 Gen2

Attenuation: v

Calibration -Trace Common
TX: 25 dB -Trace to solder
RX:0dB -Solder to socket

NF Test
TX:30dB
RX:5dB

Figure 4.5: Hlustration of the calibration setup for TX and RX AiPs.
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to the absorbers and their support structure during the NF test. As explained in
Section 2.1.1, the probe antenna would have to be at a distance of 3\ to the AUT,
which is approximately 12 mm. Another minor inconvenience is the lack of and
addition of other WR12 to WR10 and vice versa components to the system due to
the LNA port type being WR12 and only using WR10 components at the FE2 side.

A crucial aspect of the calibration process involves the accurate measurement of
the antenna’s gain. To achieve this, the three-antenna absolute gain measurement
method was employed. This process commences with a full two-port calibration of
the VNA. Subsequently, the setup depicted in Figure 4.5 is established, with the
exception being the replacement of the evaluation board and AiP array antenna
with a WR12 SGH antenna. This particular antenna is characterized by its narrow
beam and high gain of 23 dBi. Within this setup, the complex S-parameter data
of the VNA alongside the SGH antenna is stored as a reference. This data will
later undergo mathematical calculation with the VNA data of the AUT, yielding
the absolute gain of the AUT. The comprehensive calculation consists of two equa-

tions, resulting in the s-parameters of a measurement. Division of Equation 4.2 by
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Equation 4.1 yields Equation 4.3, and the final outcome, Equation 4.4, represents

the absolute gain of the AUT.

Gseu - Grna - P

P.r= 4.1
! Lothers : Gatt : Lfree ( )
P, — Gavr - Gona - Py (4.2)
Lothers : Gatt : Lfree
P Gavr (4.3)
Py Gsonm '
Gsar - P
Gaur = % (4.4)
ref

Where P,.; is the power measured in port 2 using the SGH as AUT, Ggqpy is
the SGH gain (this value is given in its datasheet), Gy 4 is the gain of the LNA,
Py is the power delivered by port 1. Gy is the attenuation given by the variable
attenuator, Ly, is the losses of the free-space, and Lype,s are all the losses of the

other components like the waveguides, transitions, etc.

4.3.1 Setup Components and Power Budget

In the previous section, the setups designed for the two AiP antenna types were
described, and one of the factors taken into consideration for the design was the
power input and output in each component in order to avoid issues like saturation
of power in any active device like the LNA, PA or the AUT devices. Therefore, to
measure the power level (dBm) in every section of the setup, a device known as a

power meter was used. The Keysight U8489A is an average power sensor designed
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to measure the power level in frequencies up to 120 GHz. The power range this
device is capable of measuring is between -35 to 20 dBm [50].

Table 4.2 and Table 4.3 describe the power budget for both the TX and RX
calibration setups respectively. In the RX setup, the component which is more
susceptible to saturation is the PA due to its direct connection to the FE. Using the
power meter, it was verified that with the default RF power of the FE, the output
power was 0.53 dBm and the output power of the PA was 11.2 dBm, while the
actual gain of the PA is 20 dB. This indicates that the PA is saturated with power.
By adjusting the output power level of the FE to -12.7 dBm, the output power of
the LNA was reduced to 7.7 dBm, resulting in a 20 dB gain in the PA.

In the TX setup, the component that is susceptible to saturation due to high

power is the AiP antenna itself. However, the saturation in the AiP is very special

50 Constant Gain Circle - Input Power: -15 dBm 250Constant Gain Circle - Input Power: -25 dBm

2 Normalized VGA sweep weights A Normalized VGA sweep weights
200 /. Constant gain circle ] 200 /. Constant gain circle ]
150 150
A
AiA
100 | 100 |
50 50
0r 0r
-50 -50
-100 - -100 -
-150 1 -150 1
=200 r 1 -200r
-250 ' ' ' ' ' -250 ' ' ' ' '
-200 -100 0 100 200 -200 -100 0 100 200
a) b)

Figure 4.6: AiP variable values sweep measurement results a) with an input power
of -15 dBm and b) with an input power of -25 dBm.
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Table 4.2: Link budget of the TX calibration setup

RF Item Gain (dB) Output Power (dBm)
VNA Port 2 out WR10 -0.62
Variable Attenuator WR10 -25 -25.62
Waveguide WR10 -1.1 -26.72
Trace Common -3 -29.72
Transition trace2solder -0.37 -30.09
Transition solder2socket -0.53 -30.62
MWS05 Gen2 28 -2.62
Patch Gain 4 -1.38
Free Space losses -60 -58.62
NF Probe+Polyrod Gain 16 -42.62
Transition WR10 - WR12 -0.23 -42.85
Waveguide 90 deg Twist -1 -43.85
Waveguide H-Bend 90 deg -1.34 -45.19
LNA 20dB Gain WR12 20 -25.19
Transition WR12 - WR10 -0.23 -25.42

since it mostly affects non-linear states of the VMPS. Figure 4.6 shows the results
of the measurement of a sweep of all the states of the VMPS and VGA. In the
ideal situation of the two components, Figure 4.6.b should show a linear rhombus.
However, due to the non-ideal behavior of the VMPS and VGA, the results show

a non-linear behavior in certain states which are not used due to their non-linear
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Table 4.3: Link budget of the RX calibration setup

RF Item Gain (dB) Output Power (dBm)
VNA Port 1 out WR10 -12.07
Transition WR12 - WR10 -0.23 -12.3
PA 20 dB Gain WR12 20 7.7
Waveguide H-bend 90 deg -1.34 6.36
WG 90 deg Twist -1 5.35
Transition WR10 - WR12 -0.23 5.13
NF Probe+Polyrod Gain 16 21.13
Free Space Losses -60 -38.87
Patch Gain 4 -34.87
MWS05 Gen2 19 -15.87
Transition solder2socket -0.53 -16.4
Transition trace2solder -0.37 -16.77
Trace Common -3 -19.77
WG WR10 -1.1 -20.87

to -25 dB gain.

behavior. Fortunately, these states are the ones more susceptible to saturation. The
states used in the calibration are the ones inside the orange circle in Figure 4.6,
where the states of both VMPS and VGA have a linear behavior. However, for this

calibration process, any saturation is undesired, so the variable attenuator was set
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4.4 Summary

In this chapter, the situation of how Metawave Corp. required a calibration setup
for the Antenna-in-Package, a device developed by them for the automotive industry,
was discussed. Utilizing the electric properties of the AiP arrays and the two types of
antennas (TX and RX), two different setups were designed and implemented into the
9-axis mmWave scanner system. The setups were designed to perform three different
measurement tests: Antenna calibration, near-field scan measurement, and far-field
scan measurement (for validation purposes only). It was also explained how the
probe antenna’s versatility allows it to change from a broad-beam, low gain antenna
to a narrow-beam, high gain antenna using a dielectric structure called a polyrod,
this structure is capable of increasing the gain of the OEWG from 6 dB to 16 dB,
narrowing the beam from approximately 90° to 30°. To measure the gain of the AiP,
a standard gain horn antenna was used with a method called three-antenna absolute
gain measurement. Finally, to avoid undesired saturation in the active components
like amplifiers, a power budget of both calibration setups was done, describing what

would happen if the LNA or the AiP were saturated with high power.

70



Chapter 5

AiP Calibration, Measurement Tests and Results

5.1 Ai1P Calibration Process

An advanced calibration algorithm was employed to compute optimal weights
and settings for the VGA and phase shifter, aligning them with the coefficients
required for uniform power distribution and precise beam positioning. A general
description of the calibration process is illustrated in Figure 5.1. The process starts
by defining the initial parameters of the calibration process, such as the ID of the

chip antenna, the number of antennas, choosing between TX and RX, the directory
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Figure 5.1: Summarized block diagram of the calibration algorithm.
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where the results would be stored, defining sweep measurement values, VNA con-
figurations, etc. In block 2, the main focus is on the measurement of the AiP in all
the configured states. Block 3 performs the gain calculation with Equation 4.4, the
calculation of the weights for each state of the VMPS and VGA, and the storage of
the calibration table. In block 4, once these states are calculated and stored in both
a table and a file, a secondary measurement is conducted to validate the calibra-
tion’s efficacy. Finally, there is a measurement of the beamforming, which involves
enabling each element one by one to verify the gain accumulation of the chip. Up to
this point, the algorithm was developed in Python due to the driver compatibility of
the AiP socket controller (MWSO5 in Figure 4.5). The final block, which involves
plotting the results, was developed in MATLAB due to its better plotting resources

and the capability to save the plots with ease.

5.1.1 Calibration Results

The calibration results are collected in block 4 of Figure 5.1. After the measure-
ment, the s-parameters of all the channels are compared in amplitude and phase at
three different frequencies: 77 GHz, 78 GHz, and 80 GHz. Illustrated in Figures
5.2, 5.3, 5.4, and 5.5 are the Si, parameters, both amplitude and phase, for each
individual element or channel that was measured. In all the figures, panels a), c),
and e) represent the absolute values, either amplitude or phase depending on the
figure, at 77 GHz, 78 GHz, and 80 GHz, respectively. The remaining panels show
the s-parameters normalized with respect to channel 8. This normalization allows

us to discern the disparities between elements when all are configured for uniform
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power distribution. The ideal result is that all the elements have an amplitude of

0 dB and a phase of 0° in the normalized plots. Notably, in Figure 5.2.d at 78

GHz, the amplitude discrepancies are at their lowest compared to other frequencies.

The calibration algorithm’s precision is evidenced by its utilization of straight-

forward statistical formulas to calculate the most representative values (mean) of

amplitude and phase, as well as the elements’ excitation errors (standard devia-

tion). The algorithm has been configured to successfully calibrate the AiP antenna

at frequencies of 77, 78, and 80 GHz. Comprehensive results are outlined in Table

Table 5.1: Statistical parameters of the calibration results of the AiP chip antenna.

Plot Param. TX cal. results RX cal. results
Freq. 77 GHz Mean 0.0404 dB -0.0962 dB
Amp vs Freq STD 0.1434 dB 0.0805 dB
Freq. 77 GHz Mean —0.7004° —0.4374°
Phs vs Freq STD 1.4628° 1.3720°
Freq. 78 GHz Mean -0.0044 dB -0.0208 dB
Amp vs Freq STD 0.0815 dB -0.0806 dB
Freq. 78 GHz Mean —2.1295° —1.1554°
Phs vs Freq STD 1.4948° 0.7375°
Freq. 80 GHz Mean -0.0828 dB 0.1429 dB
Amp vs Freq STD 0.1088 dB 0.0951 dB
Freq. 80 GHz Mean 2.4061° —0.5243°
Phs vs Freq STD 1.4124° 0.7312°
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TX Calibration Results

Amp. vs Freq. at 77 GHz
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Figure 5.2: S-parameters (amplitude) of each individual channel of the TX AiP.
Panels a) and b) display the calibration results with the calibration values at 77
GHz, panels ¢) and d) depict the results at 78 GHz, and panels e) and f) show
the results at 80 GHz. Additionally, panels b), ¢), and f) present the s-parameters

normalized with respect to (w.r.t) channel 8.
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TX Calibration Results

Phs. vs Freq. at 77 GHz
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Figure 5.3: S-parameters (phase) of each individual channel of the TX AiP. Panels
a) and b) display the calibration results with the calibration values at 77 GHz,
panels ¢) and d) depict the results at 78 GHz, and panels e) and f) show the results
at 80 GHz. Additionally, panels b), ¢), and f) present the s-parameters normalized

with respect to (w.r.t) channel 8.
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RX Calibration Results
Amp. vs Freq. at 77 GHz
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Figure 5.4: S-parameters (amplitude) of each individual channel of the RX AiP.
Panels a) and b) display the calibration results with the calibration values at 77
GHz, panels ¢) and d) depict the results at 78 GHz, and panels e) and f) show
the results at 80 GHz. Additionally, panels b), ¢), and f) present the s-parameters

normalized with respect to (w.r.t) channel 8.
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RX Calibration Results

Phs. vs Freq. at 77 GHz
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Figure 5.5: S-parameters (phase) of each individual channel of the RX AiP. Panels
a) and b) display the calibration results with the calibration values at 77 GHz,
panels ¢) and d) depict the results at 78 GHz, and panels e) and f) show the results
at 80 GHz. Additionally, panels b), ¢), and f) present the s-parameters normalized

with respect to (w.r.t) channel 8.
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5.1. The standard deviation shows the dispersion of the values of the channels with
respect to the mean. The lower the value, the better. As demonstrated in Table 5.1,
in general, the calibration of the AiP in RX is better at every frequency than in TX.
Regarding the phase measurements, Figure 5.3 shows a maximum range average of
5°, and Figure 5.5, except for the 77 GHz case, shows an average of 2.5°. In the case
of Figure 5.5.b, 15 channels are noticeably close to the mean, which represents good
calibration, while one of the channels is separated, indicating that recalibration is

most likely needed.

5.2 Ai1P Control Software

In previous sections, the calibration algorithm was briefly described, and the
calibration measurement plot with the results was shown. However, the principal
goal of the calibration is to create a table where each single element of the AiP
array antenna has assigned a specific I, Q, and V state, where I and Q represent
the states of the VMPS and V represents the state of the VGA. A software capable
of controlling the AiP chips was developed. This software is capable of selecting
and reading the calibration table file and showing the IQV states depending on the
values of the table, and the phase or gain is selected by the user. It is also capable
of enabling and disabling elements of the array, showing in real time parameters
of the board like the chip temperature, the current that flows through the chip,
etc. Finally, the software is capable of performing beam synthesis. This function

calculates the values of the phases and magnitudes of each element to obtain a
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Figure 5.6: Photo of the AiP controller software developed specifically for automatic
analog beamforming process.

desired radiation pattern, as well as automatically writing the results on the inputs

and obtaining the IQV values. Figure 5.6 shows a picture of the main windows of

the AiP controller software, which displays all the previously mentioned features.

5.3 Patterns Measurement Tests

5.3.1 Horizontal Near-Field Scanning

The mmWave scanner system offers 9 degrees of freedom. In Section 2.3.1, it is

described that for the NF scanning operation, it is typically conducted in a vertical

plane using linear positioners (LP1, LP2) and a rotary table (RT1). However, for the
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AiP NF measurements, adjustments have been made due to the setup structure. The
measurements must be performed in a horizontal plane. As depicted in Figure 4.3
(NF-P scanning), the linear positioners employed in the data collection process for
the NF scan are LP2 and LP4. LP2 controls probe movement along one dimension,
while motor LP4 maneuvers the AUT in a perpendicular axis. These combined
movements enable the probe antenna to traverse over the AUT in a raster path
in a horizontal plane. LP1 motor is used to reduce the distance from 26.6 cm to
12 mm (equivalent to 3\ at 77-78 GHz), where the polyrod antenna is detached
from the OEWG antenna in order to have a broad-beam and low-gain antenna, as
is explained in Section 2.1.1. Due to the proximity to the AUT, in the case of the
TX setup, the variable attenuator connected to FE2 is set to 35 dB attenuation.
This adjustment is necessitated by the diminished free space losses and the LNA’s
susceptibility to saturation. Figure 5.7 illustrates the impact of the LNA saturation
effects on the NF measurement and radiation pattern calculation of the AiP chips.
Figure 5.7.a and 5.7.c show the magnitude of the NF measurement, and in Figure
5.7.c, surrounding the peak point, where the transmission of the energy from the
AiP to the probe is direct, there is a circular region of data where the magnitude
is close to the maximum. This means that the actual maximum power level is
saturated by the LNA, deforming the NF measurement and distorting the main
beam in Figure 5.7.e. On the other hand, in the RX setup, there is no need for
a change in the variable attenuator. Additionally, this configuration supports the

continuous algorithm improvements described in Section 3.3.3 with great results.
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Figure 5.7: a) and b) Magnitude and phase NF measurements by increasing the
attenuation of the variable attenuator on FE2 to 35 dB respectively. c¢) and d)
Magnitude and phase NF measurements with saturation in the LNA. e) Radiation
patterns comparison between the theorical, measured with saturation in the LNA
and measured normally without saturation.
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5.3.2 AUT in-situ Far-field Scanning

A singular plane FF scanning technique is employed to precisely measure the
antenna array pattern of the 4x4 AiP antenna array. This set of measurements
plays a crucial role in validating both the OTA and NF calibration procedures. To
facilitate this, linear positioners (LP1 and LP2) along with a rotary table (RT1) are
utilized. They collectively execute a circular trajectory around the Antenna Under
Test (AUT), maintaining a consistent radius throughout. Notably, the radius of
this scan path is intentionally set to surpass the far-field (FF') distance of the AUT.
In the context of the AiP antenna array, the FF range exceeds 6 cm. During
this process, the polyrod and a variable attenuator set to 30 dB attenuation are
incorporated. To accurately determine motor positions, the software necessitates

inputs such as the distance between the AUT and the probing point, the distance

a) b)

Figure 5.8: Far-field scan process for a) an OEWG probe antenna used for near-field
tests, and b) the OEWG with a polyrod structure attached.
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from the probing point to the center of RT1, the scanning angle, and the angle
resolution. For visual reference, please consult Figure 4.3 (far-field scanning) to
gain insight into the procedural execution of the scanning methodology. On another
note, this FF setup was used to measure the radiation patterns of the NFF OEWG
with and without the polyrod structure. The results are shown in Figure 4.4, while

Figure 5.8 presents photos of the OEWG and polyrod measurement process.

5.4 Radiation Pattern and Measurements

This section highlights the importance of all the previous parts of the calibration
and measurement system. The goal is to measure a desired radiation pattern using
the beamforming capabilities of the AiP chip. First, the NF measurement modes
were tested in the new horizontal plane NF scanning, whose results are displayed
in Figure 5.10. In Figure 5.9.a, the radiation patterns using both park-and-probe
and continuous mode are shown, with the results indicating little discrepancy in the
measured radiation pattern in both methods. Figure 5.9.b illustrates the difference
and emphasizes the importance of the calibration on the AiP antenna. Each ele-
ment of a non-calibrated AiP will emit an electromagnetic wave with an unknown
or random phase, greatly distorting the radiation pattern of the array. The calibra-
tion process ensures that all individual elements exhibit consistent values. In Figure
5.9.b), the measured radiation pattern of the TX AiP is also overlapped against
the calculated array factor. However, despite the comprehensive calibration effort,

some deviations emerged in certain angles of the radiation pattern when comparing
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the calculated and measured outcomes. In light of this, the reliability of the NF
scanning results demanded verification. Panel d) of Figure 5.9 provides a visual
comparison between the H-plane radiation patterns acquired through NF scanning
and FF scanning methodologies described in Section 5.3.1 and 5.3.2, respectively.
Lastly, in panel e), the beam steering capabilities of the AiP antenna are exhibited

in the azimuthal direction, ranging from —20° to 20° in steps of 5°. This dynamic
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Figure 5.9: Near-field measurements for both TX and RX AiP chips in broadside
uniform distribution.
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RX AiP Patterns, NF Modes Comparison TX AiP Pattern Comparison: H-plane
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Figure 5.10: AiP antenna array radiation patterns at 78 GHz a) Comparison of the
radiation patterns using both park-and-probe (P&P) and continuous NF scanning
modes in both H- and E-planes. b) Comparison between the calibrated and not
calibrated AiP antenna array in the H-plane, ¢) comparison of the calculated and
measured radiation pattern of the AiP antenna array in broadside both E- and H-
planes, d) comparison of the radiation pattern obtained by the NF scanning after a
NF to FF transformation and the pattern obtained by the FF scanning, and e) A
beam-steering of the TX AiP antenna array in azimuth from —20° to 20° every 5°.
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illustration encapsulates the antenna’s ability to steer its beam effectively within
this range. Analyzing the results, it is concluded that the radiation pattern mea-
sured is correct, and the NF process performance is not related to the discrepancies
visualized in Figure 5.9.c. It is believed that the cause of this discrepancy is the
support structure that holds and presses the AiP to the socket, inducing edge effects
in the measurements. Attempts were made to remove the holding structure for mea-
surements, however, since the AiP is non-solder connected, without the structure,

there was a problem of false contact and the measurement was impossible.

5.5 Summary

In this chapter, a general explanation of the calibration algorithm was provided,
detailing how the calibration weights of a single AiP chip are stored in a file. The
calibration results demonstrated great performance in the magnitude aspect of the
measurements. In TX, the maximum difference observed was 0.58 dB, while in RX,
it was 0.33 dB. Regarding the phase, it was observed that in TX, the maximum
difference was 6.3°, and in RX, it was 5.8°. A software to control the AiP array
antenna was developed, which initiates by calling a specific calibration file. This
is crucial for determining the IQV states the software will configure in the AiP’s
VMPS and VGA, facilitating the beamforming configuration of the antenna.

On the other hand, in the mmWave system, two new operation modes were
implemented to measure the near-field and far-field patterns of the AiP. The de-

velopment of the new NF system was prompted by the requirements described in
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the previous chapter, and results of two modes of raster scanning were provided,
demonstrating that the continuous and park-and-probe scan have highly similar
performance. However, when comparing the results to the antenna-calculated array
factor, some discrepancies were observed, leading to the development of a far-field
system to validate the results of the NF measurements. The validation process
confirmed that the NF measurements were correct, and it was concluded that the
discrepancies were caused by the structure that holds the AiP antenna to the socket.

Finally, a demonstration of the beamforming capabilities was also displayed by

steering the beam in azimuth from —20° to 20° every 5°.
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Chapter 6

Conclusions and Future Work

The PAARD’s mmWave scanner system is a reconfigurable system capable of
performing various measurement and characterization tests. This thesis focuses on
making numerous improvements to the software to enhance the system’s usabil-
ity, particularly in antenna measurement tests. Additionally, antenna-in-package

calibration and measurement operations were implemented.

6.1 List of Conclusions

- MATLAB is a user-friendly and adaptable programming language, enabling
easy design of graphical interfaces and programming of system control struc-
tures. This thesis has showcased the system’s remarkable versatility and recon-
figurability. With a deep understanding of MATLAB programming, graphical
interface design, and system control class files, users can seamlessly integrate
or modify both simple and complex operation modes to suit their require-
ments. The evidence supporting this assertion lies in the successful addition
and implementation of the calibration setup, as well as the near-field (NF) and
far-field (FF) measurement modes for the AiP antenna on chip, as detailed in

Chapter 5.
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- Although the new graphic interface of the system was designed to be more in-
tuitive and comprehensive than the original software developed in LABVIEW,
users still require a reasonable understanding of the software to operate the
system properly. Without this understanding, accidents may occur.

- The continuous NF measurement significantly reduces scanning time while
maintaining an acceptable level of quality and accuracy in the results. This
algorithm accelerates measurements by 2.6 times compared to the park-and-
probe method. Although the algorithm initially encountered an issue with the
sampling period, it was successfully resolved, ensuring reliable results.

- In the NF measurement mode, the graphic interface not only enables users
to view real-time measured data but also presents it in a spatial plane. This
functionality allows users to visualize the electromagnetic characteristics in
the NF region of the AUT. In contrast, while the original software can display
real-time data, it does so in a linear plot of magnitude over time.

- The only two operation modes necessitating post-processing operations are
the NF and material characterization modes. These modes compute pertinent
values from the s-parameters collected during the test, and in the new software,
these algorithms are already integrated. Additionally, users can save the raw
s-parameter data in a separate file and apply any post-processing algorithm
as desired.

- The new support structure for the FF antenna enables precise positioning of
the center of the AUT on the axis of rotation. To test this feature’s func-

tionality, three different WR10 antennas were utilized. The second prototype

89



successfully addressed the issues encountered in the first prototype. These
issues included material bending due to the combined weight of the frequency
extender and the AUT, leading to misalignment, as well as the high risk of
material breakage due to excessive bending.

After the calibration process of the AiP, the results of the two different types
of AiP are displayed in Table 5.1. This table presents the mean and statistical
standard deviation, where the latter describes the spread of the data from
the mean. The standard deviation can approximate the calibration error.
For TX measurements, the maximum phase error is 1.49°, and the minimum
is 1.41°, indicating consistency in the calibration results. However, in RX
measurements, the maximum and minimum phase errors are 1.37° and 0.73°
respectively. This implies that the calibration was significantly better at 78
and 80 GHz compared to 77 GHz in the RX AiP.

Table 5.1 indicates that the excitation errors for various frequencies are smaller
compared to the resolution of VGA and phase shifters. This can be verified in
Figure 5.9.b, where the elements, despite being excited with the same digital
states for the VGA and phase shifter, exhibit significantly different phases.
Consequently, the radiation pattern deviates substantially from the ideal pat-
tern.

The discrepancy observed in Figure 5.9.c, particularly the disparity between
the measured radiation patterns and the calculated array factor, is likely at-

tributable to edge effects induced by the surrounding structure of the AiP, as
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depicted in Figure 4.3 (the sole image of the AiP antenna array). Another con-
tributing factor could be the limited number of elements in the AiP antenna

array, leading to instability in the radiation pattern.

6.2 Future work

The mmWave scanner system is a complete instrument capable of antenna mea-
surement and calibration. The hardware and software works harmoniously in order
to collect the most truthful results in the least possible time. However, despite
its capabilities, there remains an opportunity for further enhancement within this
system.

- This work, in Chapter 3, has described one solution of implement continu-
ous motion raster scanning for the NF measurements, which utilize the same
control computer to perform the sampling with a periodic timer. Neverthe-
less, this solution requires a period correction process due to the queue lag
or background processes of the computer. Another approach is to to have a
dedicated system that is capable of sending the controlling commands to the
VELMEX controllers and send a trigger signal to the VNA to perform a sweep
measurements. This system would synchronize both the motion and sampling
to perform a continuous raster scan more accurately. High level machines like
computers, that can be affected by the background operations in their sys-
tems, cannot be used, it would also be a waste of computational resources.

Embedded systems or microcontrollers might be right for this task.
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- The AiP array antennas can be implemented in a larger array system for radar
measurements. It is possible design of an AiP antenna socket that can hold
many chip for a larger array. Furthermore, the same calibration setup can be
used to calibrate the entire array antenna. To finally achieve the design of a
virtual array system.

- Other instruments aside of mmWave instruments can be implemented to the
system. For example, laser type devices that allows the measurement of profiles
of different AUTs. With this instruments, it is possible to achieve measurement
of flatness or planary of a planar phase array antenna. This is important
because, in the mmWave realm, an imperfection in the antenna will cause a

huge phase error.
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Appendix A

Velmex Application Notes-AN106

Table A.1: A portion of the complete table from [1] is provided below, where x
represents the value in the command AmMx, which configures the acceleration,

and m denotes the motor ID.

Calculated period (ms)

Average period (ms)

Difference (ms)

10

11

12

13

14

15

Step/sec?
4000
8000
12000
16000
20000
24000
28000
32000
36000
40000
44000
48000
52000
56000

60000

Start/Stop Speed
45
141
190
228
261
290
316
341
363
385
405
424
443
461

478

97



