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Abstract

The thesis focuses on the design of microwave components for accurate distance and
high-resolution imaging measurement which can be utilized in a number of applications
in the automotive, mechanical engineering, and robotics industries.

Novel sensors for ultrashort-distance measurement in the X- and W- bands have
been designed, fabricated and experimentally verified. The fundamental problematic
of reflection measurements in the near-field zone of an antenna has been solved using
specific choke flanges applied at the open ends of the R100 and WR10 waveguides, as well
as a circular waveguide, featuring a radius of 1.42 mm. Field distributions between the
sensors and a target have been analyzed and explained on the basis of higher order modes
of a radial line formed by the sensors and a planar reflective target. A robust equivalent
circuit using a cascade of lossy waveguides is proposed and a new calibration/correction
method is derived. The new sensors make possible to achieve about ten times smaller
distance measurement errors in comparison with the state-of-the-art sensors.

The sensor based on the WR10 waveguide with a choke flange is successfully used
in W-band imaging. Due to the developed calibration/correction method, the sensor can
deliver contrast of imaging greater than 26 dB, and spatial resolution of 1.9 mm at a 2-mm
standoff distance, which is better than parameters of state-of-the art sensors.

For the characterization of materials with greater spatial resolution based on the
scanning microwave microscopy a new interferometric sensor using multistage sections
of microstrip lines and resistors and working in the frequency band 45 MHz — 26 GHz is
proposed. The sensor can be further improved utilizing coupled lines instead of sections
of microstrip lines. An original four-port component, dual-mode impedance transformer
was developed for this concept. The component enables to achieve deeper interferometric
minima in a wider frequency band. After solving of technological problems with the thin
resistive layer application it can be applied for further development of the interferometric

Sensor.

Key Words

Distance measurement, microwave measurement, mm-wave measurement, waveguide
sensor, mm-wave imaging, interferometry, impedance matching, transformer, scanning

microwave microscopy
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Abstrakt

Tato prace je zamérena na navrh soucastek v paAsmu mikrovln a mm vln pro presné méreni
vzdalenosti a zobrazovani s vysokym rozliSenim, coz mize byt vyuzito v radé aplikaci v
automobilovém i strojirenském priamyslu a robotice.

Jsou navrzeny vyrobeny a experimentalné ovéreny nové senzory pro méreni ultra-
kratkych vzdalenosti pracujici v pasmech X a W. Hlavni problém méreni koeficientu odrazu
v blizkém poli antény je vyreSen pouzitim specialni tlumivkové priruby na otevieném
konci vlnovodu R100 a WR10 a kruhového vlnovodu s polomérem 1,42 mm. RozloZeni
pole mezi senzorem a tercem je analyzovano a vysvétleno pomoci vyssich vida v radialnim
vedeni tvorenym senzorem a rovinnym odraznym tercem. Je navrzen robustni nahradni
obvod tvoreny kaskadou ztratovych vinovoda a je odvozena nova kalibracné/korekéni
metoda. Tato metoda umoznuje dosdhnout desetkrat mensi chyby v métrené vzdalenosti v
porovnani s dosud znamymi senzory.

Senzor s vinovodem WR10 a tlumivkovou prirubou je tispésné pouzit pro zobrazovani
v pasmu W. Diky vyvinuté kalibracné/korekéni metodé umoznuje senzor dosahnout kon-
trastu zobrazeni vétsiho nez 26 dB a prostorového rozliseni 1,9 mm pti vzdalenosti vzorku
2 mm, coZ je lepsi nez parametry dosud znamych senzora.

Pro charakterizaci materialt s vétsim prostorovym rozliSenim pomoci skenovaciho
mikrovinného mikroskopu byl navrzen novy interferometricky senzor.pouzivajici vices-
tupnové sekce mikropaskovych vedeni a rezistort a pracujici ve frekvenénim pasmu 45
MHz — 26 GHz. Senzor muze byt dale vylepSen pouzitim vazanych vedeni misto sekci
mikropaskovych vedeni. Je navrzena a experimentalné ovérena nova soucastka typu
¢tyrbran, dvojvidovy impedanéni transformator, umoznujici tento koncept. Tato soucastka
umoznuje dosdhnout hlubsich interferen¢nich minim v Sir$im kmitoc¢tovém pasmu. Po
zvladnuti technologickych problému s nanasenim tenké odporové vrstvy mize byt pouzita

pri dalsim vyvoji interferometrického senzoru.

Klicova Slova

Méreni vzdalenosti, mikrovinné méreni, méreni mm-vlny, vlnovodny senzor, mm-
vlnové zobrazovani, interferometrie, impedancni prizpisobeni, transformator, skenovaci

mikrovlnna mikroskopie
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1 ‘ Introduction

CHAPTER

echnical and technological progress does not stand still, but rather introduces new
Tinventions to a variety of industries and fields of application. The Fourth Industrial
Revolution or Industry 4.0 [1] with its global automation of traditional manufacturing
and industrial practices is surging at the moment. The concept of Industry 4.0 includes
manufacturing digitization, advanced robotics, internet of things (IoT), and demands
the employment of modern smart technologies and solutions. As a result, operational
frequency bands are expanding, non-conventional materials are starting to be utilized,
and demands on the accuracy of standards are increasing. All these factors indicate the
need to develop new microwave and mm-wave devices and techniques for more accurate

measurements of certain system and material parameters.

Nowadays, industrial production devices, such as those in the automotive industry or
rolling mills, demand highly precise, small distance measurements to control the manu-
facturing process and to inspect final products to assure top quality. These measurements
can be applied in material properties measurement [2], microwave imaging [3], and me-
chanical engineering to measure not only distances of mechanical components, but also

their surface deformations or vibrations.

The design of a non-contacting measurement system, for short or ultrashort-distance
measurements, is a fundamental task. In principle, these measurements correspond to
the measurement of the reflection coefficients of targets placed in a near-field zone of a
measurement device, such as an antenna or sensor. This kind of measurement suffers
from one drawback. The parameters of the antenna change due to the presence of the
target close to the antenna resulting in strongly nonlinear dependence of the measured
phase on the target distance. Those non-linear near-field effects corrupt the measured

signal and increase the distance determination error.

Some techniques for such measurements in optics exist. However, distance sensors
should not only measure precisely, but also be adapted for industrial environments where

dust surrounds a target. Therefore, a laser solution is not suitable.

Moreover, modern car manufacturing processes include robotics with various sensors
located on one platform. It is important that distance sensors can coexist with other
sensors without causing interference. That can be achieved by designing them on the least

occupied frequency bands.



Development of a mm-wave solution, while eliminating the non-linear effects, is highly
advantageous and will solve all limitations arising in a particular application.

As mentioned above, such sensors can be applied not only in distance measurements,
but also in imaging use. Near-field imaging is widely utilized for many biological, as
well as industrial, applications, such as noninvasive sensing, the characterization of
biological samples [4], material characterization [5], the detection of surface defects [6],
the evaluation of different surfaces [7],[8],[9], the inspection of composite materials [10],
etc. In the microwave and mm-wave region, near-field imaging is an accurate tool which
does not require special measurement conditions and is hazard-free.

One particular application of near-field imaging features new automotive radar systems
operating at 76—-81 GHz [11] for detecting the speed and range of objects in the vicinity of
a car. The radar antennas are located behind a plastic bumper, or the nameplate of the
producer, often in the form of the corporate logo. It is important to measure the bumper
or the nameplate properties to determine their impact on the radar antenna radiation
patterns. Nowadays, it can be measured, approximately, with a far-field approach using a
vector network analyzer (VNA) with two horn antennas and lenses. However, a proper
near-field mm-wave imaging sensor would be more advantageous as it provides local

properties of the obstacles.

Moreover, a correction/calibration method can be developed and applied to make the
measurements simpler and more precise. It enables measurement uncertainties to be

suppressed and provides a high-contrast of the image and high spatial resolution.

On the other hand, decreasing the dimensions of electronic devices into the nanoscale
brings traditional materials to their applicable limits. Materials based on nanostructures
are starting to be commonly used. Due to their special properties, they utilize a wide
range of applications such as optics, electronics, material application, nanotechnology etc.
One promising application is to use such materials in field effect transistors (FET) or in
heterojunction diodes.

New materials and device structures based on nanostructures require precise broad-
band measurement and imaging of their electromagnetic properties. However, the
impedances of these materials are much larger than the conventional reference impedance
of a measurement system (usually 50 Q) which leads to the problem of mismatching and

poor accuracy of measurement.

Generally, imaging sensors are unable to detect details not smaller that the shortest
side of their aperture. For imaging of tiny parts or nanostructures, a near-field probe must
be used.

Scanning microwave microscopes consist of a near-field probe and a microwave mea-
surement system which makes it possible to determine the impedance between the tip of
the probe and a scanned sample. The distance between the tip and the sample is much

smaller than the wavelength of the electromagnetic field and the field confines in space
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INTRODUCTION

close to the tip of the probe. Therefore, the technique provides high spatial resolution [12].

This doctoral thesis focuses on the development of new microwave and mm-wave
circuits, components and techniques for the precise measurement of distances in a near-
field zone from a reflective surface, high-contrast imaging of metal/dielectric samples and
the scanning of extremely high-impedance materials.

In the first part of the doctoral thesis, state-of-the-art distance, imaging and scanning
microwave microscopy (SMM) measurements are presented in chapter 2 and describe
modern solutions for measurements with different approaches and calibration techniques.
The objectives of the thesis are given in chapter 3. Then, the thesis core is demonstrated in
chapter 4 by a collection of journal papers presenting a description of their contributions
and relevance to the thesis topic. At the end, the achieved results, conclusions and future

research topics are summarized in chapter 5.






‘ State-of-the-Art

CHAPTER

In this chapter an overview of different approaches for distance, imaging measurements
and scanning microwave microscopy are presented. A synopsis of correction/calibration
techniques for increasing the accuracy of measurements is introduced. Major challenges

of the measurement techniques are discussed.

2.1 Distance Measurement

Distance (length) is one of the oldest measures that humans use. Historically it began with
measurements using parts of the human body such as the foot, from which the British and
American units of length originated. Much later, in the middle of the 20th century, the
first electronic distance measurement (EDM) instrument based on visible light and, later,
on microwave radiation, was introduced. Nowadays there are a great number of distance
measurement devices which can detect distance from sub-atomic to astronomical scales.

Despite this, challenges still exist and the need for accurate non-contact measurements
of distance of mechanical components, surface deformations, or vibration has become
critical.

A number of techniques enable the use of contactless distance measurement, including
some for accurate distance measurement utilizing ultrasonic systems [13] or inductive
sensors [14]. Usually, ultrasonic distance sensors are readily available with a wide
measuring distance range. Nevertheless, they have a blind range for distances close to the
sensor itself, which does not allow the correct determination of short distances. On the
other hand, measurement results of inductive sensors are dependent on the material of
the target. Ferromagnetic or non-ferromagnetic materials influence the frequency of the
sensor oscillator differently. These sensors are not generic.

There are a few techniques for the accurate distance measurement proposed in the
optical region using laser sensors [15], [16]. These can perform noncontact distance
measurement with high resolution. However, the drawback of such systems is that the
laser utilized does not penetrate the smoke, dust, or flying debris which can surround a
target. To overcome this problem microwave or millimeter wave sensors can be used.

The distance of reflective objects in the microwave and millimeter wave regions can be

determined by several different methods. Generally, the base principle of the measurement
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is founded by defining a phase of the reflection coefficient reflected from the target, see
Figure 2.1, where a corresponding standing wave is displayed. The dependence of distance

over the phase is linear and can be found as:
d = AMr —¢p)/4n, (2.1

where ¢ is a phase of the measured reflection coefficient of the signal, A is a wavelength

and d is the distance from the initial point to the target.

A

target

Figure 2.1: Basic principle of distance determination

In [17], [18],[19] the authors use the interferometric approach for contactless distance
measurement. The precision and sensitivity of such systems are relatively high. However,
measurement systems based on the interferometric approach are mostly used for distances
of several wavelengths. At greater distances a problem with ambiguity appears and it
requires the implementation of a 27-phase correction.

Microwave- and millimeter-wave radars, such as stepped frequency continuous wave
(SFCW), frequency modulated continuous wave (FMCW) or single frequency (CW) radars,
are used for noncontact measurement tasks for long distance determination. Considering
the radar system for distance measurement as a 1-port reflectometer with a horn antenna
at the end, the general block scheme is depicted in Figure 2.2 and explained below.

The antenna sends a signal from the source to the object. This signal reaches the object
and is reflected back to the antenna. The reflected signal must then be down converted to
a baseband by an I/Q-Mixer and sampled. Now the Q-component contains the measured
distance information [20].

The system’s hardware performance is limited, and the radar signal is often distorted
by interfering signals, caused by unwanted reflections, and by a low signal-to-noise
ratio (SNR), which causes phase distortion. Since distance measurement is possible if the
phase conversion of the system is linear over the whole distance range, one usually applies
signal-processing algorithms [21], [22]. The more precise the measurement required, the

more sophisticated the algorithm applied.
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2.1. DISTANCE MEASUREMENT
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Figure 2.2: Block diagram of a radar system [20]

Moreover, standard antennas, e.g., horn and Vivaldi, are usually utilized in the radars.
These antennas have good performance when the reflective target is in a far-field zone.
However, nonlinear near-field effects appear when the target is closely spaced to the
aperture of an antenna. The parameters of the antenna change due to the presence of
the target close to it. The magnitude of a received signal decreases with an increase
in distance. A corresponding trace of the measured reflection coefficient in the polar
diagram has the shape of a deformed spiral with the center shifted out from the zero
point of the diagram. It results in strongly nonlinear dependence of the measured phase
on the target distance [20], [23], [24], [25]. Whereas the distance determination error
depends on the linearity of the distance/phase relation, it is necessary to use complex
calibration/correction methods to determine the distance, including a curve fitting for the
spiral [25], [26], see Figure 2.3.

After the correction, distance d between the target and the antenna can be determined
from the phase of the reflection coefficient I' using the equation from (2.1). Despite the
sophisticated correction method, the distance determination error stated in [25] changes
in the interval (+0.3 mm, -0.9 mm) for measured distances from 0 mm to 6 mm, which is
about 2 1g. In accordance with (2.1), at applied frequency 24 GHz, it corresponds to the
errors of the measured phase from -17.3 deg to +51.8 deg.

The only publication [24] where a housing of the antenna is applied to correct the
signal and reduce measurement errors actually did improve sensor accuracy. However, no

physical explanation of the effect nor experimental results are given.

On the other hand, in [27], [28] several free-space calibration techniques for contactless
reflection measurement, which corrects the measurement data without using any signal
processing, are utilized. Though that kind of calibration is designed for the specific

problem of the characterization of dielectric properties of the target, they do not account
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Figure 2.3: Measured (black), fitted (red), and calibrated (blue) spiral of measured data
from [25]

for a distance measurement. The development of a correction method for contactless
reflection measurement makes the measurement procedure faster and simpler.

Any simple microwave or mm-wave sensor for ultra-short distance measurements with
a linear reflection coefficient phase dependence, with respect to the measured distance,

has not been designed yet.



2.2. IMAGING MEASUREMENT

2.2 Imaging Measurement

The topic of near-field imaging has evolved over the past decades [29]. The imaging setup
typically contains a probe, a positioner that holds an sample under test (SUT), and a
VNA to determine the S-parameters of the probe, see Figure 2.4. The setup works in the
following way: waves emitted by the probe, used to scan the SUT, undergo certain changes
when they encounter media interfaces or gaps in the structure. The measured amplitude

and phase record the changes and the image is built afterwards.

SUT

\ \ probe

XYZ. positioner

Figure 2.4: Schematic of the imaging setup

The most important parameters of imaging systems are spatial resolution and imaging
contrast. Imaging contrast has various definitions. It can be defined as a ratio of the
magnitudes or phases of reflection coefficients with different mediums, such as metal and
dielectric. In some publications, it is also described as the difference between the reflected
signal amplitude and/or the phase between the background and the imaged object [10]. In
turn, the spatial resolution determines the sensitivity of the system.

Both parameters, as a rule, ultimately depend on the properties of the probe. Therefore,
the probe is the most important part of the measuring system. The more concentrated the
electromagnetic field propagating from the probe to the SUT, with the fewest losses, the
more imaging information is stored. Thus, the system provides an accurate microwave
characterization of the test object.

The first probes used in imaging systems were rectangular waveguides [29] featuring
a simple structure that gave acceptable results of the imaging. The imaging resolution of
the system is directly related to the wider waveguide side [30], thus, a resolution on the

order of a few millimeters requires the use of waveguides at very high frequencies, e.g., the
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W-band. However, when studying the problem of imaging sensors, no published research
focusing on the 75-110 GHz frequency band could be found. The maximum frequency that
was found in the literature was 24 GHz.

Later it was proposed to use circular open-ended waveguide probes to increase the
sensitivity of the measuring systems [3]. These probes have more direct field propagation
with lower side slopes, which enables better near-field characteristics to be achieved
and shows better resolution and contrast in comparison with a conventional rectangular
waveguide probe.

Another probe in use is a tapered rectangular waveguide probe [31]. The design of
such a probe is the narrow side of a standard rectangular waveguide with dimensions a
and b, linearly tapering from width b to width d along a cone of radial length p, while the

wide side a remains fixed, see Figure 2.5.

Figure 2.5: Cross section of an E-plane tapered waveguide probe [31]

Considering that the size of the aperture is reduced, the probe’s footprint gets ac-
cordingly smaller. Therefore, the resolution of the probe becomes higher. It has been
discovered by means of computing that the real power of the tapered waveguide probe is
more concentrated toward an SUT when compared to a standard waveguide probe. On
the other hand, the sidelobe level fractionally increases.

Another practical taper approach implemented in laboratories is to cut the edges of
the waveguide aperture at an angle to reduce the flange area. This approach improves the
probe’s performance at high frequencies due to fewer multi-reflection interactions between
the flange of the probe and the SUT.

There are also dual-polarized probes utilized for the detection of orientation targets

highly dependent on electric field, such as cracks, highly conductive inserts, disbonds and
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2.2. IMAGING MEASUREMENT

concrete or composite structural damages [6], [7]. These probes generate two sets of data
for two orthogonal polarizations and enable the monitoring of polarized targets regardless
of their orientation.

The tip of an open-ended coaxial cable can be used as a probe for imaging, a so-called
apertureless probe [32], [33], [34], which provides high spatial resolution of the imaging.
However, the standoff distance is extremely limited, almost touching the object of interest.
The imaging contrast is, likewise, poor.

In general, all imaging sensors can be divided into two groups: resonant and non-
resonant. Resonant nearfield sensors [9], [10] use resonant probes with dimensions of
0.01 + 0.2 Ay (free space wavelength), thereby making it difficult to scale up to very
high frequencies, e.g., the W band. All the probes discussed above are non-resonant
and are not constrained by the scaling limitation [3], [7], although standoff distances
around 0.08 Ay are relatively small and can bring misalignment problems at higher
frequencies. Moreover, in both types of sensors, the obtained image does not provide
realistic information regarding the local amplitudes of the reflection coefficients of the
SUT and their ratios (contrasts).

Despite all the studies [3], [10], [31] of imaging probes or systems, it is difficult
or impossible to predict field behavior, or even to characterize it using mathematical
equations or analytical formulas. There is no way for the correction or calibration to be
applied to improve system performance. Moreover, no studies about the best standoff
distance to SUT can be found.
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2.3 Scanning Microwave Microscopy

To scan extremely small areas, those much smaller than a waveguide probe is capable of
scanning, and to detect incredibly tiny parts, a scanning microwave microscope can be
utilized.

In general, scanning microwave microscopes consist of a near-field probe and a mi-
crowave measurement system which makes it possible to determine the impedance be-
tween the tip of the probe and a scanned sample. The distance between the tip and the
sample is much smaller than the wavelength of the electromagnetic field and the field
confines in space close to the tip of the probe. Therefore, the technique provides high
spatial resolution [13].

The direct measurement of extremely high impedances using the tip connected to a
standard 50 2 VNA results in poor accuracy [35]. The reason is clearly described by a
well-known relation between reflection coefficient and corresponding impedance Z (see
Figure 2.6):

YA
r= ,
Z+7Z

where Z is equal to the characteristic impedance of the VNA.

(2.2)

0.5+ J
~ 0- |
-0.5+- A
Electronics Nanoelectronics
-1 L | L | i Ll | L
107! 10° 10" 50 102 10° 10* 10°

Z,Q

Figure 2.6: Impedance over reflection coefficient dependence

The measured reflection coefficient is not sensitive to changes of the impedance value
in this case. Therefore, the magnitude value approaches unity in the area of interest. To
overcome this problem, several methods have been proposed over the last few decades
that shift high reflection coefficients to better measurable lower values.

Some of the first designs used a critically coupled half wavelength resonator with

the tip probe connected to one end [36], [37]. In [38] a half wavelength resonator is
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2.3. SCANNING MICROWAVE MICROSCOPY

connected in parallel to a 50 Q2 load. The advantage of these approaches is that the
resonant loop passes close to the resonant frequency around the center of the Smith chart.
VNA reflection measurements are, then, possible with low uncertainties due to the high
Q-factor of the resonators. However, the use of resonators results in several limitations on
the frequency band of operation. Moreover, resonators exhibit a high-unloaded Q-factor
that decreases significantly in the presence of the material under test. The resonant loop
changes in size and moves away from the center of the Smith chart or condenses the
frequency scale.

There are other methods simplifying the reflection coefficient measurement based
on an interferometric approach. The idea is that a measured high reflection coefficient
is decreased by adding an out-of-phase reflection coefficient with a similar amplitude
coming from the reference impedance. This technique was suggested in [39] for extreme
impedance measurement and applied to scanning microwave microscopes in [40] using a
Wilkinson power divider. Very low amplitudes of I'g reflection coefficients measured by
the VNA can be achieved:

T = (0 + T, 2.3)

where I'y corresponds to the reflection coefficient of the tip and I, corresponds to a
reference reflection coefficient which is out of phase with respect to I'y and with a similar
amplitude.

However, considering AI'r, a measurement uncertainty of the reflection measurement

of the VNA due to noise, Al'y uncertainties of I', are determined using (2.3):
AT’y = 2ATg. (2.4)

The uncertainty of the reflection coefficient of tip AT’y is twofold higher than the
measurement uncertainty Al'g of the VNA. Problems with tip impedance Z, uncertainties
determined using (2.2), therefore, remain.

The interferometric approach can be also applied on transmission measurements. The
first frequency wide-band designs for extreme impedance measurements were suggested

in [41] and [42] (see Figure 2.7). In an ideal case, measured transmission T9; equals:
G
To1= E(F)( - 1—‘ref), (2.5)

where G is a linear gain of the amplifier.

The arrangement makes it possible to reduce the uncertainty of reflection coefficient
AT’y of the tip caused by VNA transmission measurement uncertainty AT due to noise by
a factor of G/2:

AT, = 2A§21. (2.6)

This reduction is limited by a crosstalk corresponding to the S; parameter of the

hybrid coupler between port 1 and port 2.
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Figure 2.7: Interferometric system for transmission measurement [41]

The concept depicted in Figure 2.7 was adapted for a scanning near-field microwave
microscope [43], [44]. Using an impedance tuner, instead of the reference impedance Z,.f,
makes it possible to set it so that the crosstalk of the hybrid is eliminated. This enables
the potential of the method to reduce uncertainty AI'y due to the noise of the VNA being
fully utilized. However, the tuner must be set on each frequency of measurement and the
settings must have extremely good reproducibility, otherwise the calibration has to be
repeated after each setting of the tuner.

In principle, the last two concepts make measurement on any frequency in the fre-
quency band, by the applied components, possible. On the other hand, the two concepts
have a rather complex arrangement containing precise variable components with high
reproducible settings. Moreover, they enable measurement only at one frequency after

calibration.
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‘Objectives of the Thesis

CHAPTER

The main goal of the research is the development of new microwave circuits and compo-
nents for two important applications: precise contactless near-field distance measurement
and high-contrast imaging, including the scanning microwave microscopy technique. The
measurement systems for these purposes consist of a VNA connected to a sensor.

The main fundamental challenge for the near-field distance measurement is that the
measured target is located in the vicinity of a sensor which changes the sensor radiation
pattern, resulting in the occurrence of nonlinear near-field effects and the corruption of
the measured signal leading to greater measurement errors.

To improve the contrast and sensitivity of an imaging system, the development of a
calibration technique suppressing the reflection coefficient of the sensor itself and enabling
not only data to be corrected, but also to be de-embedded to the plane of the SUT required.

For the scanning microwave microscopy application, it is necessary to create a simple,
new and compact structure for an interferometric transmission measurement approach.
Furthermore, this device should be easy to calibrate and feature good repeatability of
measurements.

Therefore, the dissertation thesis has the following main goals:

B To propose a new design of contactless near-field distance sensors using a modified

waveguide open in the X-band,;

B To refine the designs to the W-band to achieve accuracy of distance determination
in the range of micrometers, to analyze field distributions between the sensors
and a target, and to find a robust equivalent circuit of this area to derive a new

calibration/correction method,;

B To fabricate and experimentally verify the new distance sensors applying a post-
process for measured signals to obtain corrected results with suppressing measure-

ment errors;

B To apply the distance sensor, based on a rectangular waveguide, with calibration

as a high-contrast imaging sensor, and to evaluate the sensor using a planar metal-
dielectric SUT;
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B To propose a new concept of the system for the measurement of high impedances
with a novel interferometric SMM sensor, to analyze field behavior and to detect

unwanted coupling;

B To propose an improved design of the interferometric sensor using coupled lines and

a newly developed component: a dual-mode microstrip impedance transformer.



‘Achieved Results

CHAPTER

The core of the thesis is based on articles published in peer-reviewed journals with
impact factor and in international conference proceedings. The full and original
articles with bibliographic citations contributing to the thesis are provided in the following

sections.

Section 4.1 presents a design concept of a new contactless precise ultra-short distance
sensor based on an R100 open waveguide with a choke flange. It was discovered that the
sensor enables a quasi-linear dependence of the measured reflection coefficient phase on
the distance to target to be achieved with no ambiguities at selected frequencies. At these
frequencies, the field distribution between the sensor and a target is influenced by the
choke suppressing the radiated E-field at the edge of the flange. The distances from zero

up to more than a half-wavelength can be measured with limited precision.

To increase the resolution to an order of micrometers the design of the sensor is
extrapolated to the W-band in section 4.2. Two novel sensors with choke flanges applied
at the open ends of a WR10 waveguide and a circular waveguide, featuring a radius of
1.42 mm, are proposed. A robust equivalent circuit using a cascade of lossy waveguides is
proposed. A new two-step calibration correction method based on the equivalent circuit
is derived which suppresses the influences of the reflection from the sensor itself, multi-
reflections between the sensor and the target, variable wavelength in the vicinity of the
sensor, and changes in the field configuration when one mode converts into another one.
The new sensors make it possible to achieve about ten times fewer distance measurement
errors in comparison with state-of-the-art sensors.

Section 4.3 shows a new successful application of the rectangular waveguide distance
sensor from section 4.2 for high-contrast imaging in the W-band. Due to the homogeneous
field distribution in front of the open-ended sensor, a calibration/correction method, then
de-embedding to the plane of the SUT, is applied. Due to this technique, the high-contrast
of the image above 26 dB and the correct amplitudes of local reflection coefficients can
be determined. The spatial resolution and the minimum resolution for the tracking of
SUT local properties of 1.9 mm at 80 GHz are achieved at 2- and 1-mm standoff distances,
respectively. The outstanding features of the new sensor surpass the properties of the

state-of-the-art sensors.

Section 4.4 proposes a new interferometric transmission measurement approach for

17



scanning microwave microscopy based on a compact circuit structure. The sensor contains
multistage sections of microstrip lines and resistors to extend the operational bandwidth
of the measuring system. The proposed setup provides deep minima in the interferometric
picture, which is a direct demonstration of the high sensitivity of the system. It enables
the uncertainty of the reflection coefficient measurements to be reduced about 40 times
compared to a standard VNA reflection measurement and allows fast measurements with
a VNA intermediate frequency (IF) bandwidth of 30 kHz.

The analysis of the interferometric sensor from section 4.4 shows that its arrangement
can be modified by replacing sections of microstrip lines with coupled lines to achieve
equally deep minima of the reflection coefficient. However, it is important to reduce all
the unwanted reflections of the system, especially any impedance mismatch between
coupled lines connected to single-ended microstrip lines. Therefore section 4.5 focuses
on the development of a new four-port component, dual-mode impedance transformer for
wideband matching of two microstrip lines with equal characteristic impedance and a
coupled microstrip line with general even- and odd-mode impedances. A new dimension
correction approach is derived. Two transformers between 50 (2 microstrips and microstrip
coupled lines with even/odd impedances 100 /68 Q2 and 36 /27 Q, respectively, have been
built. The concept is experimentally verified at the frequency band of 0.01-16 GHz.

Section 4.6 is dedicated to the modified configuration of the interferometric sensor for
SMM using the new, unique component from section 4.5. As a result of the improvement,
the system has a number of measuring frequencies available simultaneously, with the
necessity of only one time calibration, and with high resolution. One of the main advan-
tages of the approach is that the sensor is designed on a single substrate with no movable
parts. Both interfering signals only propagate inside of the structure. Therefore, the
sensor is not sensitive to movements of the interconnecting cables. Unfortunately, in the
manufacturing of the sensor, technological difficulties were encountered when applying
a thin layer of resistive material between the coupled lines. It turns out that surface
resistivity is a demanding technology. Thus, only simulated results with no experimental

verification can be shown. The problem can be studied in future research.
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4.1 Investigation of Waveguide Sensors for

Ultra-Short-Distance Measurements

This chapter is a version of the published manuscript:

A. Baskakova, and K. Hoffmann, “Investigation of Waveguide Sensors for Ultra-Short-
Distance Measurements,” in Proc. of 93rd ARFTG Microwave Measurement Conference
(ARFTG) , 2019, pp. 1-4, doi: 10.1109/ARFTG.2019.8739174.

Connection to my Ph.D. thesis:

Contactless microwave distance measurement in the near-field zone is an important
task for industry. A high-precision measurement system that can determine distances of
mechanical components, as well as their surface deformations, or vibrations in a production
environment is in high demand. The main challenge of such a system emerges from a
natural reason: the non-linear dependence of the phase of the reflection coefficient on
the distance to the target in the near-field. Therefore, an experimental study of an R100
open waveguide, with a choke flange at the end newly applied as a sensor for ultrashort
distance measurements, was conducted. Properties of the sensors were measured in the
frequency band from 8 GHz to 12.4 GHz for distances of a reflective target from 0 mm up
to 20 mm. It was discovered that the phase-over-distance dependence has a quasi-linear
behavior, thus the sensor can successfully measure distances from zero to more than one
half of the wavelength.
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Investigation of Waveguide Sensors for Ultra-Short-Distance
Measurements

Aleksandra Baskakova, Karel Hoffmann
Czech Technical University in Prague, Czech Republic

Abstract — Experimental study of two R100 open waveguides
with a plain and a choke flanges at the ends newly applied as
sensors for ultra-short distance measurements is presented.
Properties of the sensors were mapped by measuring their
reflection coefficients in the frequency band from 8 GHz to
12.4 GHz for distances of a reflective target from 0 mm up to
20 mm. Quasi-linear dependence of the phase of the measured
reflection coefficient on the distance to the target was discovered
at certain frequencies for both sensors. The sensors enable to
measure the distances from zero to more than a half of the
wavelength.

Index Terms — distance measurement,
measurement, millimeter wave measurement, sensors.

microwave

I. INTRODUCTION

Different microwave and mm-wave radar systems have been
used for decades for navigation and searching in number of
military and civil engineering as well as for research in space.
Nowadays they are more and more applied in automotive
industry for a distance, direction or speed determination. The
application of radar systems is wide; from low-cost simple
systems like door openers, non-contact hand washers, up to
more elaborated systems for tank level gauges, and
sophisticated system for multi target search and identification.

Measurement of material parameters in free space is another
task for radar systems. Vector network analyzer (VNA) is used
for these purpose, and different calibration/correction methods
are applied. In all these applications the measured targets are
supposed to be in the far field zone of the antennas, in distances
at least of several wavelengths.

On the other hand, there are also demands for measurements
of reflection coefficients of targets placed in ultra-short
distances. That measurements can have applications in material
properties measurement, [1], microwave imaging, [2], and
mechanical engineering to measure not only distances of
mechanical components, but also their possible vibrations.

In principle, these measurements correspond to measurement
in near field zone of an antenna, [3]. However, that kind of
measurement suffers from several drawbacks. Parameters of the
antenna change due to the presence of the target close to the
antenna. The magnitude of a received signal exponentially
decreases with the increasing of the distance. A corresponding
trace of the measured reflection coefficient in the polar diagram
has a shape of a deformed spiral with the center shifted out from
the zero point of the diagram. It results in strongly nonlinear
dependence of the measured phase on the target distance.
Whereas the distance determination error depends on the

978-1-7281-0506-2/19/$31.00 ©2019 IEEE
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linearity of the distance/phase relation, it is necessary to use
complex calibration/correction methods to determine the
distance, including a curve fitting for the spiral [3], [4]. After
the correction a distance d between the target and the antenna
can be determined from the phase of the reflection coefficient
I' using a well-known equation

dzﬁ(ﬂ—argl“), (1)
4r

where Ao is a free space wavelength.

Despite the sophisticated correction method, the distance
determination error stated in [3] changes in the interval
(+0.3 mm, -0.9 mm) for measured distances from 0 mm to 6
mm, which is about 2 Ao. In accordance to (1), at applied
frequency 24 GHz it corresponds to errors of the measured
phase from -17.3 deg to +51.8 deg.

It should be emphasized that with respect to the phase
measurement, an amplitude of the reflection should be above
about 0.5 to reduce measurement uncertainties of the VNA, [5].
Any radiation of the structure antenna plus target reducing the
amplitude reflection coefficient below 0.5 therefore increases
uncertainty of the distance determination.

Linear dependence of the measured phase with respect to the
distance of the target is advantageous, and does not require any
complex calibration/correction method. Any simple microwave
or mm-wave sensor for ultra-short distance measurements with
linear reflection coefficient phase dependence with respect to
the measured distance, and simultaneously with its amplitude
of above 0.5 has not been designed yet.

In the paper, an experimental study of the distance
measurement using linear phase/distance dependence sensors
based on an open waveguide with a standard flange, and with a
standard flange and a waveguide choke is presented.

II. EXPERIMENTAL INVESTIGATION

The experimental investigation of two sensors for ultra-short-
distance measurements was proceeded at frequency band
8-12.4 GHz. R 100 waveguides with a standard plain flange and
a standard flange with a waveguide choke at their ends were
used as the sensors, see Fig. 1. Both sections of waveguides had
identical lengths.

The measurement set up, consisting of a VNA Agilent
E8364A connected to the sensor and a target — metal sheet
placed on a precise micrometric positioner, is depicted in Fig. 2.
The width of the target formed by a section of radiator is



Fig. 1. Sensors for ultra-short distance measurement in the test
fixture with a standard plain flange (a) and with a choke flange (b).

112 mm. Calibration of the system was realized at the reference
plane of the flange without a choke using TRL method. The test
fixture holding waveguides was covered with an absorber
material to decrease possible multiple reflections.

The reflection coefficient for both sensors was measured at
distances from 0 mm up to 20 mm with a step 0.5 mm in
frequency band from 8 GHz up to 12.4 GHz. The measured sets
of data are displayed in Fig. 3 with a distance step 4 mm. Each
curve corresponds to Si; in the reference plane for different
distances from the target.

The uncertainty of the VNA increases for the amplitudes of
signals lower than 0.5. Apparently, for the sensor with the
flange with a choke there are reasonably high amplitudes for
more measuring distances in comparison to the sensor with the
plain flange. However, both sensors can be potentially used for
distance measurement at some suitable operating frequency.

A schematic with a switch was arranged in NI AWR to
determine proper operating frequencies for both sensors. The
measured data were consequently processed using a sweep over
the distances of the target. Both sets of the measured data were

Fig. 2. The experimental setup.

@

(b)

-
Fig. 3. Measurement results for the sensors with a plain (a) and with
a choke (b) flange. Distances from 0 mm to 20 mm, step 4 mm.

analyzed on selected frequencies in the interval 0—20 mm. The
best results with respect to acceptable values of the reflection
coefficient amplitude and linearity of its phase over distance
dependence were found, see Fig. 4 and Fig. 5.

The best phase dependence for the sensor with a plain flange
close to the linear one was found at frequency 12.4 GHz. The
distances from 0.5 mm up to 12.5 mm which corresponds to
0.54 Ao, can be distinguished in this case, see Fig. 5(a). In this
interval the trace has no loop, which results in no ambiguity in
determination of the distance, see Fig. 4(a). However, with
respect to VNA measurement uncertainties the amplitude above
0.5 is only in the intervals from 0.5 mm to 3.5 mm, and from
7.5 mm to 13 mm. In the interval between 3.5 and 7.5 mm the
amplitude is lower than 0.5 with its minimum around 0.4. It can
be still considered as applicable, but some degradation of
measurement uncertainty should be expected. The phase
deviation from the linear trace, which is depicted in Fig. 5 with
dotted line, is from +12 deg to -17 deg. It corresponds from +0.4
mm to -0.57 mm error in the distance determination.
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Fig. 4. S11 of the sensors with a plain flange at 12.4 GHz (a) and with
a choke flange at 8.9 GHz (b) as a function of the target distance.

The most linear dependence of the phase on the distance for
the sensor based on the flange with a choke was achieved at
frequency 8.9 GHz and is depicted in Fig. 5(b). In the whole
measured interval, the phase dependence on the distance curve
is close to the linear one. Moreover, the amplitude is also
reasonably high in the whole distance range from 0 mm up to
20 mm corresponding to 0.59 Aoat 8.9 GHz. There is no
ambiguity in the relation between the phase and the distance as
well, see Fig. 4(b). The phase deviation from the linear trace is
from 0 to 12 deg. It corresponds to maximum 0.56 mm error in
the distance determination. In comparison with the results from
[1], this new sensor has significantly smaller phase error and
smaller distance error even though it works at less than half
frequency and no correction is applied. Moreover the sensor
using the choke flange enables to measure ultra-short distances
with higher precision than the sensor with the plain flange.

The physical explanation of properties of both new sensors is
discussed in the section below.
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Fig. 5. Phase of the reflection coefficient of the sensors with a plain
flange at 12.4 GHz (a) and with a choke flange at 8.9 GHz (b) as a
function of the target distance.

III. DISCUSSION OF THE SENSORS PROPERTIES

The demonstrated results of experimental mapping of the
sensors’ properties might be influenced by some residual
systematic measurement errors. Therefore, both sensors were
designed and simulated in CST Studio Suite to verify the
measured data. The results of simulations (dashed lines) in
comparison with the measured results (solid lines) are depicted
in Fig. 4 and Fig. 5. The corresponding results are in a good
agreement.

Simulations in CST Studio Suite were also used to get deeper
understanding of the physical background of the structures. The
propagation of E-field was analyzed for both sensors at the
frequencies of interest. Corresponding pictures for the target
distances 1 mm, 5 mm and 17 mm are shown in Fig. 6. It can
be clearly observed that the radiation from the sensor based on
the plain flange is bigger than from the sensor with the flange
with a choke. The radiated E-field at the edge of the flange with
a choke is about 30 dB suppressed compared to its maximum
inside of the waveguide even for the distance of the target
17 mm. Contrarily, corresponding E-field suppression for the
sensor with the plain flange is approximately 15 dB at the same
distance. The difference can be explained by the choke
influence.



For the sensor with the plane flange the field outflows even
for very small distances between the flange and the metallic
plane target. That happens because the flange and the target
form the parallel plate line, and the field radiates at the end of
the line.

The different field propagation was observed in the sensor
with the flange with a choke. The distance from the center of
the wider wall of the waveguide to the bottom of the choke
notch is about % of the wavelength, therefore the choke forms
a short in the planes of the wider waveguide walls. This effect
has been used for many decades in high power waveguide
systems where plain flanges are connected to flanges with the
choke.

Measurements and simulations confirmed that the choke
works acceptably well even when the second plane flange is
substituted by the distant plane reflective target. In fact, the
choke notch creates a very high impedance at its input, which
significantly suppresses the current flow across the notch. That
prevents propagation of the field between the flange and the
target to the sides of structure. In other words, the choke forms
some kind of a virtual waveguide as an extension of the metallic
waveguide with a flexible length corresponding to the distance
to the target. That effect is well demonstrated in Fig. 6 for
distances 1 mm and 5 mm of the metal target.

Y
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1 mm 5 mm 17 mm
Fig. 6. Propagation of E-field in the sensors with a plain (top row)

and a choke (bottom row) flanges.

Increasing the distance to the target the propagated field leaks
more, and the amplitude of the reflection coefficient degrades.
Nevertheless, the sensor described in [1] provides amplitudes
of the reflection coefficient from 0.25 down to 0.05 for
distances between 0 mm and 6.6 mm. The new sensor with the
choke provides amplitude greater than 0.5 for distances from
Omm up to 20 mm and the sensor with the plane flange
provides amplitude above 0.4 for distances from 0.5 mmto 12.5
mm. Investigated sensors are very advantageous for ultra-short
distance measurements application.

IV. CONCLUSION

Two sensors based on R 100 waveguides with a standard
plain and a choke flanges for contactless ultra-short distance
measurement application were experimentally investigated in
the frequency band from 8 GHz to 12.4 GHz. Both sensors at
selected frequencies enable to achieve a quasi-linear
dependence of the measured reflection coefficient phase on the
distance to target with no ambiguities. The distances from zero
up to more than a half wavelength can be measured. The sensor
using the open waveguide with the standard flange with the
choke enables to achieve from 4 to 10 times greater value of
amplitude of the measured reflection coefficient in comparison
with sensors known up to now for the same measured distances.
The results can be extrapolated to different frequencies up to
mm wave bands, waveguide dimensions and target distances.
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4.2 Novel Waveguide Sensors for Contactless

Ultrashort-Distance Measurements

This chapter is a version of the published manuscript:

A. Baskakova, and K. Hoffmann,“Novel Waveguide Sensors for Contactless Ultrashort-
Distance Measurements,” in IEEE Transactions on Microwave Theory and Techniques, vol.
70, no. 1, pp. 565-575, Jan. 2022, doi: 10.1109/TMTT.2021.3107503.

Connection to my Ph.D. thesis:

After discovering a sensor design with a distinct field distribution directed towards the
target, with suppressed radiation at the edge of the flange with a quasi-linear phase-
over-distance dependence, the design was rescaled to the W-band to achieve error in
distance determination in the order of microns. Two novel sensors for ultrashort-distance
measurements, with choke flanges applied to the open ends of both a WR10 waveguide
and a circular waveguide, featuring a radius of 1.42 mm, were fabricated. To minimize
the measurement errors, a new calibration/correction method based on homogeneous
electromagnetic (EM) field propagation between the sensors and a target was derived.
The new circular waveguide sensor operates in a frequency band of 75-76 GHz with a
maximum error of measured distance 19 pym. The new rectangular waveguide sensor
enables the use of an outstanding applicable frequency bandwidth from 76 up to 86 GHz,
with best properties around 80 GHz where the maximum error of the measured distance

is 12 pm.
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Novel Waveguide Sensors for Contactless
Ultrashort-Distance Measurements

Aleksandra Baskakova

Abstract—Novel sensors for ultrashort-distance measurements,
with choke flanges applied at the open ends of both a
WR10 waveguide and a circular waveguide, featuring a radius
of 1.42 mm, are proposed. Field distributions between the sensors
and a target are analyzed and explained on the basis of higher
order modes of a radial line formed by the sensors and a planar
reflective target. A robust equivalent circuit using a cascade of
lossy waveguides is proposed and a new calibration/correction
method is derived. Properties of both sensors are verified exper-
imentally for target distances of 0-6 mm (more than one and
half of wavelength). The new circular waveguide sensor operates
in a frequency band of 75-76 GHz with a maximum error of
measured distance 19 um. The new rectangular waveguide sensor
enables to use an outstanding applicable frequency bandwidth
from 76 up to 86 GHz, with best properties around 80 GHz,
where the maximum error of the measured distance is 12 pm.
The new sensors make possible to achieve about ten times smaller
distance measurement errors in comparison with the state-of-the-
art sensors.

Index Terms— Correction method, distance measurement,
microwave measurement, millimeter-wave (mm-wave) measure-
ment, waveguide sensor.

I. INTRODUCTION

OWADAYS, industrial production devices, such as those

in the automotive industry or rolling mills, demand
highly precise, small distance measurements to control the
manufacturing process, and inspect final products to assure
top quality. Consequently, contactless distance measurcments
of mechanical components, surface deformations, or vibrations
have become critically important.

A number of techniques can be used for distance measure-
ments, including some for the accurate distance measurement
proposed in optical regions using laser sensors [1], [2]. These
can perform noncontact distance measurements with high
resolution. However, the drawback of such systems is that
the laser beam utilized problematically penetrates the vapor or
dust surrounding a target. Another option is to use ultrasonic
systems [3] or inductive sensors [4].
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Microwave- and millimeter-wave (mm-wave) radars, such
as stepped-frequency continuous-wave (SFCW), frequency-
modulated continuous-wave (FMCW), or single-frequency
(CW) radars, enable contactless distances to be determined.
Standard antennas, e.g., horn and Vivaldi, are usually utilized
in the radars. Those antennas have a good performance when
the reflective target is in a far-field zone. However, nonlinear
necar-field effects appear when the target is close to the
aperture of an antenna. The measured signal is corrupted
due to multireflections, which results in distance measurement
errors [S]—[8]. Designers of the radar systems suggest different
sophisticated calibration methods to solve the consequences of
these nonlinearities leaving their physical cause unsolved. The
only exception is [7] where housing of the antenna is applied,
which reduces measurcment errors. However, no physical
explanation of the effect and experimental results is given.

In our previous work [9], an experimental study of an
R100 open-ended waveguide sensor with a choke flange was
conducted. It was discovered that the dependence of the phase
of the measured reflection coefficient on the distance to the
target is quasi-linecar around the resonant frequency of the
choke. Thus, the measured distance can be found from a phase
of the reflection cocfficient formed by a signal reflected from
a target as

d =it —9)/4r (1)

where ¢ is a phase of the measured reflection coefficient,
A is a wavelength, and d is a distance from the reference
plane to the target.

The purpose of this article developing the concept men-
tioned in [9] is to propose new sensors using open-ended
circular and rectangular waveguides with a choke for
ultrashort-distance measurements with the minimized nonlin-
car cffects. The sensors are designed in the W-band to get the
resolution in the order of micrometers. Robust physical expla-
nations of properties and a new simple calibration/correction
method are given.

This article is organized as follows. In Section II, the
properties of new sensors, with a choke in the flange, arc
analyzed using the 3-D clectromagnetic ficld simulator CST
Studio Suite (CST); the propertics are theoretically explained.
In Section III, we proposc a new physical model of the
sensors based on simulated results and a calibration/correction
method. In Section IV, the model and the calibration/correction
method are experimentally verified using both new sensors.
Comparisons of the measured and real distances with respect
to the propertics of the state-of-the-art sensors are given.

0018-9480 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

25



566 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 70, NO. 1, JANUARY 2022

.56 mm

0.88 mm
£
N 0.50 mm
- 0.20 mm
£2.86 mm (5.08 mm
Q
o
&
20 mm 3
3
Fig. 1.  Analyzed structures of the circular and rectangular sensors with
chokes.

ITI. THEORY AND SENSOR DESIGN
A. Properties of Sensors

Structures of the new sensors founded on the idea from [9]
arc based on the WR10 waveguide and a circular waveguide
(see Fig. 1). The approach from [10] is used to design
the choke flanges. The distance from the inner wall of the
circular waveguide, or from the center of the wider wall of
the rectangular waveguide to the bottom of the choke notch,
is sclected to be one half of the wavelength at 80 GHz.
In standard high-power applications, a choke forms a short in
the planes of the waveguide walls if another waveguide, with
a plane flange without choke, is attached. In our simulations in
CST, a planar reflective target at different distances is applied
instcad of another flange.

Properties of the structures are simulated in the pres-
ence of a perfect electric conductor (PEC) with dimensions
26 x 26 mm?2, set in front of the sensors at a distance interval
from O up to 6 mm with an incremental step of 0.12 mm.
S11 parameters, at a reference plane at the end of the structures,
are determined in waveguide frequency bands of 75-90 GHz
for those with circular waveguides and 75-110 GHz for those
with rectangular waveguides. It should be emphasized that the
magnitude of the measured Sj; should also be above 0.2 to
reduce the measurement uncertainties of a vector network
analyzer (VNA) [11]. The TE;p mode in the rectangular
waveguide and the TE;; mode in the circular waveguide are
considered.

The reflection coefficients of the circular waveguide sensor
with a choke flange for sclected simulated distances to the
target are shown in Fig. 2(a). Due to the presence of the
choke, the magnitudes of S;; in distances below | mm are
close to unity at frequencies around 78 GHz. It was found
that the magnitude of S;; of the sensor is above the desired
value of 0.2 in the frequency subband of 75-82.5 GHz for all
considered distances. Furthermore, there are resonance loops
in the distance interval of 0.6—1.44 mm. The reason for the
resonances is explained later in Section II-B.

The most lincar distance dependence of the phase is found
at 79 GHz and is shown in Fig. 2(b). In the 75-80.5-GHz
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Fig. 2. Circular waveguide sensor. (a) Sy for selected target distances from
0 to 6 mm. (b) Phases of Sy for the target distances at f/ = 79 GHz.

range, the phasc quasi-lincarly and monotonically decrcascs
with the increasing distances.

S11 of the rectangular waveguide sensor with a choke is
shown in Fig. 3. The decrcase of the magnitude of the
reflection coefficient is very low in distances from O up to
about 0.8 mm. A detailed analysis shows that in the frequency
band from 76 up to 80.4 GHz, the magnitude of the reflection
cocfficient is above 0.2 for all distances of the target up
to 6 mm.

The best phase versus the distance dependence at 79 GHz
is shown in Fig. 3(b). The linearity is even better compared to
the circular sensor with a choke. The phase is monotonically
decreasing as distances increase in the frequency band from
75 to, at least, 80.4 GHz.

Both sensors are highly advantageous for short-distance
measurement applications, since compared to standard anten-
nas, they have a higher magnitude of reflection coefficient
for small distances to the target and quasi-lincar distance
over phase dependence. It is a great edge over the sensors
in [6] and [8]. Theoretical explanations of the sensors’ prop-
erties based on the 3-D electromagnetic field simulations in
CST are provided in Section II-B.

B. Theoretic Explanation of the Sensors’ Properties

1) Circular Waveguide Sensor: The volume between the
target and the front of the circular waveguide sensor from
the inner radius to the outer radius can be considered as a
section of a radial line. Let us introduce cylindrical coordi-
nates r, ¢, and z and in the area of the gap (see Fig. 4).
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Fig. 3. Rectangular waveguide sensor. (a) Sy; for selected target distances

from 0 to 6 mm. (b) Phases of Sy for the target distances at f = 79 GHz.

Fig. 4.

Circular waveguide sensor and the target.

Variable d represents the gap width, and the dashed line
corresponds to the E-plane in the TE;; mode in the circular
waveguide.

The radial line is a nonuniform cylindrical region with the
transmission direction along coordinate r. Depending on the
frequency, dimensions of the structure, and type of excitation,
a number of modes can propagate in the structure. The more
modes move along the radial line, the greater the sensor loss.

With respect to the r coordinate, all modes are generally
hybrid with both E, and H, components. If the magnetic field
has no z-component, i.c., H, = 0, the transfer ficld can be
represented as a superposition of a set of E-type modes [12].
The 3-D clectromagnetic simulations in the frequency band
of the circular waveguide sensor show that, despitc some
disturbances due to the excitation of higher order modes close
to the circular waveguide end and due to the open space
at the end of the radial line, the H, components of the

ficld are, at lcast, ten times smaller than the H, components.
Therefore, the H, = 0 assumption can be accepted for the
characterization of these E-type modes.

In accordance with [12], the transversc functional behavior
of the E-field can be expressed as

E. = K. cos(me) cos(%z) (2)
1 , . (NT

Ey = 71(4) sin(ma) s1n(72) (3)
1 . (hT

E, = ;K, cos(me) s1n(71) )

where mode indices m and n determine a type of a mode, with
respect to the ¢ and z coordinates, and K., K4, and K, are
complex constants.

The radial line is excited by the TE;; mode in the circular
waveguide. It means that all modes excited in the radial line
have the index m = 1. The mode can propagate only if f > f.,
where f is an operating frequency of the circular waveguide
and f, is the cutoff frequency of a mode in the radial line,
which, for E-type modes, is expressed by

c

cmn — 5
f )L('inll ( )

where Aqu, 1s a corresponding cutoff wavelength deter-
mined as

1
j~rmn ] (6)

(3" + ()’
where r is both the inner radius of the radial line and the
radius of the metallic circular waveguide.

For example, when d = 0.6 mm, the first E-mode with
indices m = 1 and n = 0 is excited and the corresponding
cutoff frequency is equal to 33.3 GHz. The frequency band
of the circular waveguide in TE;; mode is above the cutoff
frequency of the radial linc. Thus, the basic mode TE;y can
propagate and radiate at the end of the radial line bringing
losses in the structure except for the frequencies around
78 GHz, where there is nearly no radiation [see Fig. 5(a)].
At these frequencies, the choke creates a minimum of a
standing wave or reflective electrical wall close to the input
of the radial line [see Fig. 5(b), dashed lines]. It interrupts the
expansion of the TE;p mode to the free space. This enables
the field propagation from the metallic waveguide to the target
and back as in a waveguide. Therefore, the concept of a
virtual waveguide (VWG) can be introduced. Inside this VWG,
the field reflected back from the target creates a standing wave
holding information about the distance of the target. VWGs
have different dimensions than a metallic waveguide, which
depends on the frequency and dimensions of the choke and
its distance from the metallic waveguide.

At higher frequencies around 86.4 GHz, the choke operates
above its resonant frequency resulting in a less reflective
electrical wall that is shifted deeper into the radial line [see
Fig. 5(d)]. The VWG is lossy and has a larger radius than at
lower frequencies, which enables the excitation of the higher
order mode TM;; in it. The ficld distribution in the VWG
and closc to the end of the sensor corresponds to the ficld
distribution in one half of a cylindrical cavity resonator with
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Circular waveguide sensor. (a) Simulated Sy; for d = 0.6 mm; E-field distribution in the gap in the longitudinal section for (b) f = 78.2 GHz and

(d) f = 86.4 GHz. (c¢) E-field distribution in the gap and the choke in the cross section for /' = 78.2 GHz.

the mode TM,;. This resonator with a resonant frequency
of 86.4 GHz is critically coupled to the metallic waveguide
[see Fig. 5(a)]. It is extremely problematic to determinec a
correct target distance from the phase of S correctly around
the resonant frequency, and thercefore, only sufficiently far
frequencies can be used for distance measurements.

When d gets wider, a higher order mode gains more space
for propagation in the radial line. The basic mode is excited
at the low end of the frequency band. However, at higher
frequencies, it is coupled less and less and the higher order
mode with m = 1 and n = 1 starts to dominate. It continues
in this fashion while increcasing the gap of width d to mode
m=1andn=2and m =1 and n =3.

The choke influences the ficld distribution only in the part
of the gap adjacent to the front of the sensor. Losses grow
with increasing of d due to radiation into the free space.
The standing wave half wavelengths in the area between the
sensor and the target gradually decrease for larger distances d
(see Fig. 6). There are three individual parts with different
wavelengths that correspond to different dimensions of VWGs.
We can estimate the boarders (breaking points) of those VWGs
from the E-field distribution picture. Analyzing the phase
versus distance curve in Fig. 7, the slopes of each VWG enable
to be determined. The intersections of the breaking points arc
marked by circles.

It means that with increase in d, the wavelength in the gap
decreases from the wavelength of the metallic waveguide into
the free-space wavelength, not continuously but in steps in
accordance with the excitation of the individual modes in the
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(b)

Fig. 6. Circular waveguide sensor with d = 6 mm to the target. (a) E-field
and (b) -field distribution for /= 79 GHz.

radial line. The wavelength remains constant in the distance
interval corresponding to an individual mode.

It should be noted that E-ficld animations characterize a
more complex ficld than those described by (2)—(4). They also



BASKAKOVA AND HOFFMANN: NOVEL WAVEGUIDE SENSORS FOR CONTACTLESS ULTRASHORT-DISTANCE MEASUREMENTS 569

200 ST T T

-400

Phase (deg)

1t VWG
-600

-800

-1000
0.5 1 15 2 25 3 35 4 45 5 55 6

Distance (mm)

Fig. 7. Circular waveguide sensor with a choke. S phase for target distances
from 0 to 6 mm, f =79 GHz.

cover the propagation of the field from the sensor toward the
target and back, which forms a standing wave holding target
distance information and the influence of the choke. However,
(2)—(4) form a qualitative approximate tool for understanding
the properties of the field between the sensor and target.

2) Rectangular  Waveguide Sensor: The rectangular
waveguide sensor with a choke is analyzed in the same way
as the circular sensor with a choke in the frequency band
of 75-110 GHz. The field distributions between both the
circular and rectangular sensors with a choke and the target
arc notably similar. Figures equivalent to Figs. 5 and 6 are
also obtained for the rectangular sensor with a choke. The
main difference is in the resonant frequency of the virtual
cavity resonators.

The difference in resonant frequencics can be explained with
respect to the different dimensions of the chokes. The radius
of the choke of the circular waveguide sensor (2.54 mm) is
greater than in the case of the rectangular one (1.69 mm).
The larger radius of the virtual cavity resonator of the circular
waveguide sensor explained in Fig. 5(d) results in a resonant
frequency of 86.4 GHz. On the other hand, the resonant
frequency of the virtual cavity resonator of the rectangular
waveguide sensor is around 105 GHz, which is advanta-
geous with respect to a potentially wider frequency bandwidth
applicable for distant measurcments.

III. CORRECTION METHOD

On the basis of the above results, namely Figs. 6 and 7,
an cquivalent circuit of the arca between the sensors and
the target formed by a cascade of three homogeneous lossy
waveguides with different dimensions and wavelengths is
proposed in Fig. 8(a). Distances d; and d, correspond to the
breaking points where the three straight lines in Fig. 7 inter-
sect. The simulated phase versus distance dependence is quasi-
lincar and slightly wavy along the three straight lines with
different slopes (see Fig. 7). It is assumed that deviations result
from multireflections due to the impedance discontinuities at
steps at the connections of all considered waveguides with a
dominating discontinuity at the end of the sensor.

It is also assumed that the influence of discontinuitics
can be climinated by calibration/correction methods that
have been used for decades in precise measurements using
VNAs [13], [14]. In the case of measurements of waveguides,
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. 2nd yvirtual | waveguide
1tvirtual | waveguide
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target
(a)
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sensor

OI dl2 a3 aaz Has d
®

Fig. 8. Preliminary equivalent circuit of (a) the area between sensor and
target and (b) a new calibration correction method.

max

a sct of offset calibration standards are applied. However,
the method using offset standards was developed for uniform
lines. To apply such a method, a new calibration correction
method is proposed. The new method uses an equivalent
circuit consisting of three independent VWGs covering the
space between the reference plane and distances dy, d»,
and dpax using the second and third extended VWGs [sce
Fig. 8(b)]. Any reflection cocfficient considered at reference
planes placed in these VWGs at distance intervals (0, d,),
(dy, dy), and (d7, dmax) 18 seen at the reference plane of the sen-
sor as being disturbed. The disturbances result from systematic
crrors duc to impedance mismatching and losses. The situation
in any of the VWGs in Fig. 8(b) can be characterized by a two-
port error model shown in Fig. 9(a), which corresponds to the
approach used in the one-port calibration correction method
for a VNA as described by the flow graph in Fig. 9(b).

Different calibration mecthods based on [13] can then be
used. The most common one-port calibration techniques for
waveguides are short, offset short, and load (SSL) and triple
offset shorts (SSS) [14]. The last method mentioned is advan-
tageous because a metallic target (short) placed at three known
distances from the sensor can be applied.

Using [14] and [15], three equations for calculating the error
terms (7)—(9), as shown at the bottom of the next page, are
derived, where py, ps, and p3 arc the reflection cocfficients
of the standards scen at the beginning of individual VWGs
at the reference plane and Sl(i)M, Sﬁ),w, and SS)M arc the
corresponding values of the simulated or measured reflection
coefficients as seen in the sensor at the reference plane.
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Fig. 9. (a) Error two-port. (b) Flow graph.

The standards for individual VWGs are considered as ideal
shorts placed at the end of sections of individual lossy
waveguides at distances dy;, da;, and d3;, wherei = 1,2, and 3,
inside the distance intervals (0, d)), (dy, d»), and (da, dmax),
respectively [see Fig. 8(b)].

The corrected reflection coefficient Syp, at the reference
plane of a considered VWG can be found from the one-port
error term equation

Stima — St
(Stima — S11) - S22 + S1251

where index d corresponds to target distance and Syjy4 is
the simulated or mcasured reflection coefficient at the ref-
crence plane of the sensor. The distance of the target from
the reference plane at a VWG can then be determined from
the Sy pg phase using (1). The new correction method uses the
above approach independently in individual waveguides of the
cquivalent circuit in Fig. 8(b).

The estimated waveguide wavelengths and the correspond-
ing widths or radii of the VWGs can be found from the
estimated slopes of the phase versus distance dependence
curve in Fig. 7 as

Siipa = (10)

4 . xl — Gy
dwg = A - (da —do) (11)
(arglp —argl'y)

)» FS

de = 12)

(13)

(14)

where Awg is a wavelength in the waveguide, (dy1—d,,) is
the distance between two different distance points, dy; and
dy», on one of the straight lines in Fig. 7, '} and T'; are
their corresponding reflection coefficients, A¢ is the cutoff
wavelength of the rectangular or cylindrical waveguide, Apg
is the free-space wavelength, r is the radius of the cylindrical
waveguide, and a is the width of the rectangular waveguide.
The characteristic impedances of individual waveguides can
be expressed by the formula

1207

|- (_5)2
i

(15)

A. Rectangular Waveguide Sensor

The calibration standards for the rectangular waveguide
sensor arc characterized as ideal shorts at the end of lossy
rectangular waveguides in the TE ;9 mode. The lengths of these
waveguides applied to the first VWG are 0, 0.48, and 0.84 mm.
The first breaking point is considered at d; = 1.8 mm. The
lengths of the lossy waveguides for standards for the second
VWG are sclected at 1.92, 2.52, and 3 mm. The second
breaking point is considered at d, = 3.96 mm. The third VWG
is supposed to be up to 6 mm and is calibrated using shorts
placed at distances of 4.2, 4.68, and 5.16 mm.

The correction method can work properly only if wave-
lengths in the individual VWGs and their dimensions are
correctly determined. However, they are determined by (11),
which relies on three straight estimated lines in a figure equiv-
alent to Fig. 7 corresponding to the rectangular waveguide
sensor. The estimated widths of VWGs arc ¢; = 3.23 mm
(Awg = 5.19 mm), a, = 5.65 mm (Awg = 3.94 mm), and
azy = 7.92 mm (Awg = 3.85 mm).

The correction method is implemented in the AWR design
environment using output equation editor and elements, such
as the rectangular waveguides in TE;p mode and ideal adapters
between rectangular waveguides and 50-Q coaxial lines.

We work with two curves: phase deviations of the corrected
reflection coefficients Sy ps determined by (10) from the
straight lines and the magnitude dependence of the corrected
reflection coefficients on distances in the interval (0, dpax). The
widths and losses of VWGs are then manually tuned with the
goal of achieving a linear phase versus distance dependence
and monotonically deccreasing the magnitude while increasing
the distance of the target at selected frequencies. The slopes
of the straight lines are set in accordance with the current
wavelengths of the VWGs.

1 2) 1 3 a 3) @ 1
S = p2- (Sfuw - SflM) ’ (P3 ) SEIM — P Sll)M) +p3e (SII)M - SEIM) ) (Pl ’ Sll)M — P2 Sfuw) )
p2-(ps—p1)- (SS)M - 51(31) +p3-(p1—p2)- (Swa - SI(T)M)
S, St (p1 = P2) + P2 Sii — Pi- Sty 8
2= M @) ®)
p2-P1- (SIIM - SIIM)
Slz . S21 = (SI(PM - Sll) . (l - 522 : pl)/pl (9)
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Fig. 10. Rectangular waveguide sensor. Deviation of Sy; and Sj1ps phases
from the linearity of simulated and corrected data, respectively, at 79 GHz.

The wavelength between the sensor and the target changes
from the longest one closest to the metal waveguide wave-
length toward a wavelength close to Aps = 3.795 mm
at 79 GHz. The phase deviations from the final linear traces
of simulated, corrected, and corrected tuned data are shown
in Fig. 10.

The method cnables the simulated data in all distances at
sclected frequencies to be corrected. For example, at 79 GHz,
corrected distances inside the VWGs for the distance inter-
vals 0-1.8 mm (phasc interval (4180, —70.54)° at Awgi),
1.8-3.96 mm (phase interval (—71.61, —462.9)° at 1wg»), and
3.96-6 mm (phase interval (—464.2, —845.9)° at Awg3) can
be determined using the formula

dy = Awai - (m —arg S11pa)/(4m), i=1,2,3  (16)
where Sjjpg corresponds to the values of the reflection coef-
ficient determined with respect to the phase intervals by (10).
Phase discontinuitics, noticeable at the breaking points, result
from independent calibrations in individual VWGs. These dis-
continuities do not disturb continuous distance determination
using (16).

The deviation from the lincar dependence in the dis-
tance interval close to the first breaking point (0.96 mm,
1.8 mm), corresponding to (4+46.48, —70.54)° at 79 GHz,
starts to grow rapidly for frequencies differing significantly
from 79 GHz. A similar effect around the second breaking
point is observed as negligible. To explain the phenomenon,
some transitions (TR) between waveguides with different
dimensions are assumed, where one VWG transforms into
another by gradually changing its wavelength. It means that
formulas (7)—(10), bascd on the assumption of a uniform linc
with a constant wavelength, cannot work correctly at these
distances. To extend an applicable frequency band, the second
correction method is proposed. The transition close to the end
of the first VWG is approximated by a section of another VWG
[see Fig. 11(a)]. Fig. 11(b) shows the subsequently changed
cquivalent circuit.

I’y corresponds to a reflection coefficient due to the
impedance step between the first and the transition VWG.
It can be determined by

~ Zmr — Zivwe

_ (17)
Z1R + Zyywa

1

1t VWG ;TR 2 VWG
lb
rl r3
e
0 fo d,
target
ITR
(a)
. 3rd
2nd VWG
1t TR (VWG
sensor VWG
0
dTR dl
target
dmax
(b)

Fig. 11.  Reflections of (a) transition and (b) final equivalent circuit.

where Zrr and Z;ywg are the impedances of the transition
waveguide and the first VWG, respectively, and can be found
from (15).

According to the formula for a single-section trans-
former [15], the resultant reflection coefficient at the input
of the transition can be expressed as follows:

Ty 4TIy
T 14Ty - Tye 20

I'tr (18)
where I'tg is a resultant reflection coefficient of the transi-
tion, including all multireflections, and I'; = —1 equals the
reflection coefficient of the target.

A phase shift along the transition is

0 =2rm ‘lTR/iTR (19)

where the wavelength in the transition Argr can be found from

AFS

s )

= ()
where arg is the width of the transition VWG.

The parameters of the first VWG and the TR waveguide are
again manually tuned with the goal of achicving as lincar a
phase versus distance curve as possible in individual sections
in an extended frequency band.

An expression for the length of the TR waveguide ItR,
which also means the distance of the target from the beginning
of the transition, can be found after some transformations of
the formula (18)

ATR = (20)

—jdz dg

ATR Iyewar — Sipg
lr = Tz g g @3y
e war — Syipg Iy

where Sy pg corresponds to the corrected reflection coefficient
at the reference plane of the first VWG, which is equivalent to
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Fig. 13. Circular waveguide sensor. Deviation of S;; and S11ps phases from
the lincarity of simulated and corrected data, respectively, at 75 GHz.

I'tr transformed to this reference plane. The target distances in
the transition can be determined using the second correction as

dy = dr + IR (22)

where drr is the distance of the beginning of the transition
from the beginning of the first VWG and /tg is determined
by (21).

Other distances to the target outside the transition area from
0 to 6 mm can now be determined at any frequency in the
interval 76-86 GHz using (16).

The entire distance interval 0-6 mm corresponds to the
phase interval from 180 to —845.9° at 79 GHz. However,
VNA measurements of reflection coefficients provide the phase
information only in the interval (4180, —180)°. It means that
there is a problem with phase ambiguities in determining the
right distance. To distinguish what phasc interval sclect to
determine the correct distance, the magnitude over distance
curve has to be monotonically decreasing. The dependence is
shown in Fig. 12.

At small distances, the magnitude decreases slowly with the
increasing distance of the target, which corresponds to small
radiation from the sensor. When it starts to radiate, the trace
bends and the dependence is approximately quasi-linear in the
logarithmic scale with an approximate slope of 1.13 dB/mm.
The corrected trace is a monotonically decreasing function,
and no ambiguities occur in the distance determination.

B. Circular Waveguide Sensor

The correction method applied to the rectangular waveguide
sensor is also applied to the sensor using the cylindrical
waveguide. The frequency of 75 GHz is sclected as sufficiently
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Fig. 14.  Circular waveguide sensor. Simulated (dashed line) and corrected

(solid line) magnitude versus distance to the target at 75 GHz.

far from the resonant frequency 86.4 GHz, as mentioned
in Section IL.

The calibration standards for the circular waveguide sensor
arc characterized as ideal shorts at the end of lossy cylindrical
waveguides in the TE;; mode. The lengths of the standards
applied to the first virtual cylindrical waveguide arc 0, 0.36,
and 1.08 mm; for the second VWG, they are 2.52, 3, and
3.48 mm; and for the third VWG, the standards are supposed
at distances 4.32, 4.8, and 5.4 mm. The breaking points are
derived at 2.52 and 4.08 mm. The radii calculated from the
estimated slopes in Fig. 7 for the frequency 75 GHz are:
ri = 2.42 (corresponding to Awg = 4.61 mm), r, = 6.02
(corresponding to Awg = 4.34 mm), and r3 = 8.33 mm
(corresponding to Awg = 4.05 mm).

The model is manually tuned in the same way as for the
rectangular waveguide sensor case. The reflection coefficient
phase deviations from the final linear traces of simulated,
corrected, and corrected tuned data are shown in Fig. 13.

Corrected distances inside the VWGs for the intervals
0-1.32 mm (phase interval (4180, —17.93)° at Awaci),
2.52-4.08 mm (phase interval (—192.5, —449)° at Awgz), and
4.08-6 mm (phase interval (—449.3, —789.5)° at Awgs) at
frequency 75 GHz can be determined using (16).

There are strong deviations near the first breaking point at
the distance interval 1.32-2.52 mm (see Fig. 13). The reason
is that not only the transition area but also the presence of
the resonator discussed in Fig. 5(d) influences the reflection
cocfficient of the target. Due to its resonances, the sensor can
be applied only at a narrow frequency band of 75-76 GHz,
after the second part of the correction is employed. On the
other hand, it is possible to use the sensor on sclective
distances 0—1.32 or 2.52-6 mm in a wider frequency band.
The number of calibration measurements can be minimized to
three if only distance measurements in one distance subinterval
determined by the breaking points are demanded.

The sensor has no distance ambiguities since the curve from
Fig. 14 is monotonically decreasing.

The first and the second correction characterized by (6)—(21)
form a new general correction method, which suppresses the
influences of the reflection from the sensor itself, multireflec-
tions between the sensor and the target, variable wavelength
in the vicinity of the sensor, and also changes in the ficld
configuration when one mode converts into another one.
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Fig. 15. Measurement setup.

This general method works well even in cases when the target
is in close proximity of the sensor starting from zero distance.
It is a great advantage compared to the correction method of
complex subtraction of the reflection cocfficient of the sensor
in free space from the measured reflection coefficient of the
target [17], which can work properly only when the target is
sufficiently far from the sensor so that multireflections and
changes of wavelength become negligible.

IV. EXPERIMENTAL VERIFICATION

Both new scnsors arc fabricated from brass using an
NC machine tool and measured using a four-port R&S
ZVA-67 VNA with R&S ZVA-Z110E mm-wave convert-
ers from 75 to 110 GHz (see Fig. 15). In the case of
the circular waveguide sensor, smooth transitions from the
WRI10 waveguide to the circular waveguide are connected
to both converters. The TRL calibration technique is applied
at the reference planes of the WR10 and circular waveguide
flanges. The measured data are then deembedded to the end of
the sensors. The PI positioner (M-404.82S) and PC-controlled
step controller (C663.11) are utilized to sct the distances to
the target. Both waveguide sensors are measured for the target
distances from 0 to 6 mm with incremental steps of 0.12 mm,
meaning that the same target positions arc used for simula-
tions. Multireflections between the target and flanges of the
sensors connected to the mm-wave converter are suppressed
by an absorber placed close to the flanges (sce Fig. 15).

Using the data sheet of the producer of the VNA and mm-
wave converters, the uncertainty analysis for the measurcment
sctup is done. The converters bring a systematic residual
crror of +1° in measurements of high reflections. In addition,
the trace stability of the VNA is typically less than £2° for
the measurement IF bandwidth of 100 Hz. Uncertainty of 1°
corresponds to 10.4 um at 80 GHz in free space, which means
that, in total, the uncertainty of the distance measurements can
be expected to be around 15 ym.

The same correction method, waveguide dimensions, and
loss/mm derived for the simulated data arc applied to the
measured data of both sensors. Summarized parameters for
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Fig. 16. Deviation of the measured distance from the real distance.

(a) Rectangular waveguide sensor with choke and open-ended rectangular
waveguide at 80 GHz. (b) Circular waveguide sensor with choke and open-
ended circular waveguide and at 75 GHz.

the sensors at the best frequencies and the extreme frequencies
can be found in Table I.

The deviations between the real target distance determined
by the positioner and the target distance determined from
the VNA measured reflection coefficient after correction are
shown in Fig. 16. For a better comparison, the results of the
waveguide sensors without correction as well as mcasured
results of rectangular and circular open-ended waveguides
without choke with distances determined by (1) using Apg are
added.

The only open-ended waveguides enable the distances from
0 to 6 mm of the target to be measured, but with errors exceed-
ing 0.5 mm at certain distances. Applying new waveguide
sensors with a choke improves measurements so that the
maximum ecrrors of the measurements are no greater than
0.18 mm for the rectangular sensor and around 0.3 mm in
the case of the cylindrical one. Applying the new correction
method significantly reduces the values of measurement errors.
In the case of the new rectangular waveguide sensor, it is
12 um at 80 GHz, and in the case of the new circular
waveguide sensor, it is 19 gm at 75 GHz. It is less than 0.7%
and 0.9% of the measured distances. However, these errors are
in the same order as the +15-um VNA distance measurement
uncertainties mentioned above. Therefore, it can be supposed
that the errors caused by the new sensors themselves and by
the new correction method are even smaller.

It was also experimentally verified that both new sensors
produce notably little radiation, which results in a magnitude
of the measured reflection coefficient close to unity until the
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TABLE I
EXPERIMENTALLY PROVED SENSOR PROPERTIES

target distance reaches approximately 1 mm in accordance
with Figs. 12 and 14.

The new correction method not only improves the precision
of the distance measurements but also increases the opera-
tional frequency band of the sensors to 76-86 GHz for the
rectangular sensor and to 75-76 GHz for the circular one.
The comparisons of the properties of the sensors for several
sclected frequencies are summarized in Table I, where phase
intervals correspond to the corrected data.

The maximum deviation between the real distances and the
measured distances as well as the sample standard deviations
s offering a better global view on measurement uncertainties
is included. s is given as

|- 5
s= |57 ; (x; = %)2 (23)

where N is the number of distant points, x; are deviations in

individual distances, and X is the mean valuc of deviations.
The rectangular sensor has a significantly wider applicable

frequency band compared to the circular one, as explained

34

Rectangular waveguide sensor
I VWG Transition 2" VWG 3 VWG
Freq. (GHz) Target distance areas (mm) 0+0.96 0.96+1.8 1.8+3.96 3.96+6
a (mm) 2.93 247 6.0 11.2
loss (dB/mm) 0.691 0.691 2.102 2.235
76 Phase intervals (deg) 180+49.42 49.42 +-66.6 -65.46+-437.4 -436.4+-801.2
max. dev. (um) 0+-13 25.8+-4.2 20+-15 11+-6
s(um) 5.54 9.97 9.41 4.12
a (mm) 2.78 2.84 7.0 11.2
loss (dB/mm) 0.089 0.089 2.002 2.172
79 Phase intervals (deg) 180+46.48 46.48+-70.54 -71.61+-462.9 -464.2+-845.9
max. dev. (um) 0+-4.6 8.4+-11.6 8+-14 7+-7
s(um) 1.86 7.17 4.46 3.17
a (mm) 2.75 2.95 6.9 11.2
loss (dB/mm) 0.127 0.127 2.386 2.401
80 Phase intervals (deg) 180+44.91 44.91+-75 -74.64+-472.5 -472.7+-859.5
max. dev. (um) 0+-2.8 6.2+-11.8 6+-12 9+-1
s(um) 1.23 6.27 3.51 2.7
a (mm) 2.9 4.0 6.7 11.2
loss (dB/mm) 1.201 1.201 1.931 2.218
86 Phase intervals (deg) 180+24.86 24.86+-119.6 -116.5+-551 -549.4+-964.6
max. dev. (um) 7.2+-10.2 15.65.6 21+-11 8+-2
s(um) 8.09 3.46 9.26 2.67
Circular waveguide sensor
" VYwG Transition 2" VWG 3 VWG
Freq. (GHz) Target distance areas (mm) 0+1.32 1.32+2.52 2.52+4.08 4.08+6
r (mm) 2.05 4.4 2.8 7.2
loss (dB/mm) 0.238 0.238 2.3 2.34
75 Phase intervals (deg) 180+-17.93 -17.93+-231.7 -192.5+-449 -449.3+-789.5
max. dev. (um) 5+-16 16+-19 15+-14 4+-12
s(um) 5.43 11.01 8 5.3
r (mm) 1.95 7.7 2.9 7.3
loss (dB/mm) 0.3684 0.3684 2.154 2.235
76 Phase intervals (deg) 180+-15.18 -15.18+-240.4 -190.5+-449.6 -452+-796.7
max. dev. (um) 6.3+-14 20+-38 14+-5 5+9
s(um) 5.95 15.77 4.63 3.78
TABLE II

NEW SENSORS AND STATE-OF-THE-ART SENSORS

Techno- Sensor Freq. Max error  Range Ref.

logy size (mm) (GHz) (um) (mm)

VNA 4.5x53 80,9295 200 5-50 [5]
FMCW Q72 24-28/4 200 0-5000 [18]
Six-port 5x7.5 60/- 250 5-27.5 [19]
Six-port 7.8 61/- <100 0-7.5 [20]
Six-port - 24/- 700 0-20 [8]

Cw 6 77/- 10 2-5 [7]

VNA 6.5 75-76/2 19 (at 0-6 Circ.

75GHz) sensor”

VNA 4.8 76-86/10 12 (at 0-6 Rect.

80GHz) sensor”
" this work

in Scction III. The best propertics of the rectangular sensor
can be found around the resonant frequency of the choke.
Properties of both sensors were also compared with state-
of-the-art sensors (sce Table II). The table shows that in
comparison with other sensors measuring from the zero dis-
tance, the new sensors have about ten times smaller distance
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measurement errors. A comparable maximum error can be
found only in the sensor from [7]. However, the authors
provide only results of simulations and no result for the most
critical arca close to zero distance. Namely, the rectangular
waveguide new sensor has also outstanding applicable fre-
quency bandwidth of 10 GHz.

V. CONCLUSION

New circular- and rectangular-shaped open-ended
waveguide sensors with a choke flange at the end for
contactless ultrashort-distance measurements starting from
zero distance in the W-band have been designed and
fabricated. Both sensors at the selected frequency bands
are capable of achieving a quasi-linear dependence of the
measured reflection coefficient phase on the distance to
the target with no ambiguitics. A physical explanation and
description of the ficld behavior between the sensors and the
target has been suggested and a corresponding physically
well-founded equivalent circuit based on a cascade of VWGs
with different dimensions has been proposed. A new two-step
calibration correction method based on the equivalent circuit
has been derived. The new method suppresses the influences
of the reflection from the sensor itself, multireflections
between the sensor and the target, variable wavelength in
the vicinity of the sensor, and also changes in the field
configuration when one mode converts into another one. Only
nine calibration measurements are necessary for measurements
in the whole distance interval from O to 6 mm. Both sensors
have been successfully experimentally verified. The sensors
cnable the distances from zero to more than one and half of
the wavelength with maximum error below 0.9% and 0.7%,
respectively, to be determined. In comparison with the state-
of-the-art sensors, the new sensors enable to achieve about ten
times smaller distance measurement errors. Both new sensors
are applicable in wide frequency bandwidths 2 and 10 GHz.

REFERENCES

[11 K. Alzahrani, D. Burton, F. Lilley, M. Gdecisat, F. Bezombes, and
M. Qudecisat, “Absolute distance measurement with micrometer accuracy
using a Michelson interferometer and the iterative synthetic wavelength
principle,” Opt. Exp., vol. 20, no. 5, pp. 5658-5682, Feb. 2012.

[2] M. Norgia, G. Giuliani, and S. Donati, “Absolute distance measurement
with improved accuracy using laser diode self-mixing interferome-
try in a closed loop,” IEEE Trans. Instrum. Meas., vol. 56, no. 5,
pp. 1894-1900, Oct. 2007.

[3]1 A. P. Cracknell, Ultrasonics. London, U.K.: Wykeham, 1982, ch. 3.

[4] M. Jagiclla and S. Fericcan, “Miniaturized inductive sensors for indus-
trial applications,” in Proc. IEEE Sensors, Jun. 2002, pp. 771-778, doi:
10.1109/ICSENS.2002.1037204.

[5] A. Schicht, K. Huber, A. Ziroff, M. Willsch, and L.-P. Schmidt,
“Absolute phase-based distance measurement for industrial monitoring
systems,” IEEE Sensors J., vol. 9, no. 9, pp. 1007-1013, Sep. 2009, doi:
10.1109/JSEN.2009.2025582.

[6] Y. Venot and W. Wiesbeck, “76.5 GHz radar sensor for contact-
free distance measurement with micrometer accuracy,” in Proc. IEEE
Sensors, Oct. 2003, pp. 216-221, doi: 10.1109/ICSENS.2003.1278931.

[7] C. Rusch, S. Beer, and T. Zwick, “LTCC endfirc antenna with hous-
ing for 77-GHz short-distance radar sensors,” /EEE Antennas Wire-
less Propag. Lett., vol. 1, pp. 998-1001, 2012, doi: 10.1109/LAWP.
2012.2213791.

[8] S. Linz et al., “Ultra-short-range, precise displacement measurement
setup with a near field slot-line antenna and a dedicated spiral calibra-
tion,” in IEEE MTT-S Int. Microw. Symp. Dig., May 2015, pp. 1-4, doi:
10.1109/MWSYM.2015.7167116.

A. Baskakova and K. Hoffmann, “Investigation of waveguide sen-
sors for ultra-short-distance measurements,” in Proc. 93rd ARFTG
Microw. Meas. Conf. (ARFTG), Jun. 2019, pp. 1-4, doi: 10.1109/
ARFTG.2019.8739174.

C. G. Mongomery, R. H. Dicke, E. M. Purcell, Principles of Microwave
Circuits. New York, NY, USA: McGraw-Hill, 1948.

Technical Specifications Agilent Technologies PNA Series Network
Analyzers E8362A, ES8363A, and E8364A, document 5989-1072EUS,
USA, Jul. 2006. [Online]. Available: https:/literature.cdn.keysight.com/
litweb/pdf/5989-1072ENUS.pdf?id=450959

N. Marcuvitz, Waveguide Handbook. New York, NY, USA: McGraw-
Hill, 1951.

S. Rehnmark, “On the calibration process of automatic network ana-
lyzer systems (short papers),” IEEE Trans. Microw. Theory Techn.,
vol. MTT-22, no. 4, pp. 457-458, Apr. 1974, doi: 10.1109/TMTT.1974.
1128250.

“The essentials of VNA from o to Z0,” Anritsu, USA, Tech. Rep.
11410-00476A, Jan. 2009.

G. Bryant, Principles of Microwave Measurements. London, U.K.:
Peregrinus on behalf of Institution of Electrical Engineers, 1993.

D. M. Pozar, Microwave Engineering, 3rd ed. Hoboken, NJ, USA: Wiley,
2005.

C. Rusch, J. Schifer, T. Kleiny, S. Beer, and T. Zwick, “W-band
Vivaldi antenna in LTCC for CW-radar nearfield distance measure-
ments,” in Proc. 5th Eur. Conf. Antennas Propag. (EUCAP), vol. 2011,
pp. 2124-2128.

N. Pohl, M. Gerding, B. Will, T. Musch, J. Hausner, and B. Schiek,
“High precision radar distance measurements in overmoded circular
waveguides,” IEEE Trans. Microw. Theory Techn., vol. 55, no. 6,
pp. 1374-1381, Jun. 2007, doi: 10.1109/TMTT.2007.896784.

K. Haddadi, M. M. Wang, D. Glay, and T. Lasri, “A 60 GHz six-
port distance measurement system with sub-millimeter accuracy,” IEEE
Microw. Compon. Lett., vol. 19, no. 10, pp. 644-646, Oct. 2009, doi:
10.1109/LMWC.2009.2029744.

S. Mann et al., “Substrate integrated waveguide fed antenna for 61 GHz
ultra-short-range interferometric radar systems,” in Proc. IEEE Topical
Conf. Wireless Sensors Sensor Netw. (WiSNet), Jan. 2016, pp. 64—66,
doi: 10.1109/WISNET.2016.7444323.

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Aleksandra  Baskakova received the B.S.
and M.Sc. degrees in radio engineering from
Saint-Petersburg Electrotechnical University
“LETL” Saint Petersburg, Russia, in 2011 and
2013, respectively. She is currently pursuing the
Ph.D. degree at the Microwave Measurement
Group, Department of Electromagnetic field,
Czech Technical University in Prague, Prague,
Czech Republic.

Her research interests include the design of
microwave circuits and components, microwave
imaging, 3-D electromagnetic simulations, vector network analyzer (VNA),
measurements, and calibration techniques.

Karel Hoffmann (Senior Member, IEEE) received
the Ing. degree (Hons.) from the Czech Techni-
cal University in Prague, Prague, Czech Republic,
in 1974.

From 1990 to 1991, he spent four months with
the University of Rome “Tor Vergata,” Rome, Italy,
where he was involved with research on precise
microwave measurement correction methods. From
1994 to 2002, he was an Associate Professor with
\ the Faculty of Electrical Engineering, Czech Tech-

nical University in Prague, where he has been a
Full Professor since 2002. His professional activities are focused on the
design of active and passive microwave integrated circuits, precise microwave
measurement, and modeling of microwave components.

35



4.3 W-Band Imaging Sensor Using a Rectangular
Waveguide Structure With Choke

This chapter is a version of the published manuscript:

A. Baskakova, and K. Hoffmann, “W-Band Imaging Sensor Using a Rectangular Waveg-
uide Structure With Choke,” in IEEE Microwave and Wireless Components Letters, vol.
32, no. 3, pp. 230-233, March 2022, doi: 10.1109/LMWC.2021.3134472.

Connection to my Ph.D. thesis:

The development of the distance sensors, which performed exceptionally well, inspired
me to apply them to near-field scanning. The best properties were achieved for the
rectangular sensor based on the WR10 waveguide with a choke flange. Therefore, this
sensor was evaluated using a planar metal-dielectric SUT, thus enabling the detection of
different materials. The simplified calibration/correction technique based on triple offset
shorts (SSS) was applied to the measured data. Unlike known and similar sensors, this
sensor enables the scanning of a metal-dielectric SUT at 80 GHz with correct amplitudes
and a contrast of reflection coefficients corresponding to their local material parameters
in a standoff distance interval of 0.3 — 4 mm (0.08 to 1.07 Ag). A spatial resolution of 1.9
mm is achieved at a 2-mm standoff distance. This study confirmed that the sensor is
multifunctional and has outstanding features that surpass the properties of state-of-the-

art sensors.
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W-Band Imaging Sensor Using a Rectangular
Waveguide Structure With Choke

Aleksandra Baskakova

Abstract— A new application of a rectangular waveguide
structure with a choke from Baskakova and Hoffmann (2021)
is proposed for high-contrast imaging in the W-band. As with
homogeneous lossy waveguides, the field distribution in front of
the open-ended sensor is observed and a calibration/correction
method is applied. The sensor is evaluated using planar metal-
dielectric samples under test (SUT), thus enabling the detection
of different materials with a standoff distance ranging from (.08
to 1.07 Xy. The sensor can determine both amplitudes and the
contrast of the reflection coefficients correctly at the reference
plane of the SUT, which is not possible for state-of-the-art sensors.
The maximum contrast of the imaging is greater than 26 dB.
A spatial resolution and minimum resolution for the tracking of
SUT local properties of 1.9 mm are achieved at standoff distances
of 2 and 1 mm, respectively.

Index Terms—Microwave measurement, mm-wave imaging,
mm-wave sensors, rectangular waveguide, waveguide flange
choke.

I. INTRODUCTION

EAR-FIELD imaging is widely used for many biological
Nand industrial applications, such as noninvasive sens-
ing, the characterization of biological samples [2], material
characterization [3], the dctection of surface defects [4], the
cvaluation of different surfaces [5]-[8], the inspection of
composite materials [9], etc. In the microwave and millimeter-
wave region, near-field imaging is an accurate tool, which
does not require special measurement conditions, that can be
adapted for industrial environments, and is hazard-free.

Some specific applications of near-field imaging include
new automotive radar systems operating at 76-81 GHz [10].
The radar antennas are located behind a plastic bumper or the
nameplate of the producer, often in the form of the corporate
logo, making it necessary to measure the bumper or the
nameplate properties to determine their impact on the radar
antennas radiation pattern. Nowadays, it can be approximately
measured with a far-field approach using a vector network
analyzer (VNA) with two horn antennas and lenses. However,
a proper near-ficld millimeter-wave imaging sensor would

Manuscript received November 19, 2021; accepted November 26, 2021.
Date of publication December 21, 2021; date of current version March 11,
2022. This work was supported by the European Union’s Horizon
2020 Research and Innovation Program 2016-2020 under the Marie
Sklodowska—Curie Grant under Agreement 675683. (Corresponding author:
Aleksandra Baskakova.)

The authors are with the Department of Electromagnetic Field, Czech
Technical University in Prague, 16000 Prague, Czech Republic (e-mail:
aleksandra.baskakova@fel.cvut.cz).

Color versions of one or more figures in this letter arc available at
https://doi.org/10.1109/LMWC.2021.3134472.

Digital Object Identifier 10.1109/LMWC.2021.3134472

and Karel Hoffmann

, Senior Member, IEEE

be more advantageous as it provides local properties of the
obstacles.

Several published articles on imaging microwave sensors
used an operational frequency no higher than 24 GHz, how-
ever, no research focused on imaging sensors working in the
frequency band of 76—81 GHz could be found. Resonant ncar-
ficld sensors [7], [8] use resonant probes with dimensions of
0.01 = 0.2 J¢ (free space wavelength), thereby making it dif-
ficult to scale up to frequencies around 80 GHz. Non-resonant
techniques are not constrained by this limitation [5], [6],
although standoff distances around 0.08 A are relatively small
and can bring misalignment problems at higher frequencics.
Moreover, in both types of sensors, the obtained image does
not provide realistic information regarding the local amplitudes
of reflection coefficients of the samples under test (SUT) and
their ratios (contrasts).

This letter demonstrates the successful use of our previously
published sensor [1] in W-band imaging. Unlike known and
similar sensors, this sensor enables the scanning of mectal-
diclectric SUT at 80 GHz with correct amplitudes and a
contrast of the reflection coefficients corresponding to their
local material parameters in a standoff distance interval of
0.3—4 mm. A spatial rcsolution of 1.9 mm is achicved at a
2-mm standoff distance.

II. SENSOR DESIGN AND CALIBRATION

In our previous work [1], a distance sensor with a choke
notch in a flange was proposed to create an extremely high
impedance at its input, significantly suppress the current flow
across the notch, and concentrate the ficld in front of the
sensor. The fabricated sensor, sece Fig. 1, is applied to near-
field scanning in this letter.

The field distribution of the open sensor is demonstrated
in Fig. 2. The choke shapes the field so that three lossy
virtual waveguides (VWGs) for three distance intervals from
the reference plane of the sensor, up to distances around 1.6
/Ao at 80 GHz, can be considered.

Due to the homogencous distribution of the ficld in individ-
ual VWGs, it is possible to eliminate impedance discontinu-
ities where the end of the sensor and the considered VWGs
arc connected. This can be done by the common one-port
calibration technique for waveguides with triple offset shorts
(SSS) [117, [12].

The entire correction/calibration method is described in
Section IIT of [1]. Its equivalent circuit includes three VWGs
and a transition arca occurring between the first and second

1531-1309 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1.  Photograph and illustration of the designed sensor (sizes are in
millimeter).

sensor
- i

reference
plane

i
0

2
NS
Q

max

Fig. 2. E-field (top) and an equivalent circuit used in the calibration (bottom).

VWGs. Correcting the results for standoff distances located
in the transition area (=1 <+ 1.8 mm) requires solving more
complex equations. To avoid this in imaging applications,
we recommend selecting the standoff distances out of the
transition area and using a simplified correction procedure.

An equivalent circuit used in the calibration is depicted
in Fig. 2. It consists of three independent VWGs covering
the space between the reference plane and distances d, da,
and dpax, which correspond to the end of each VWG and
can be determined from Fig. 2 as 1.8, 3.96, and 6 mm,
respectively, see also [1] for more details. Depending on the
selected standoff distance, the reflection coefficient of the three
standards have to be defined for one of the intervals (0; d,),
(d1; d»), or (dy; dmax) and the corresponding values of the
measured reflection coefficient have to be determined.

For the definition of the standard sets, three distances have
to be sclected. The calibration standards arc characterized as
ideal shorts placed at the end of lossy waveguides. In our
work, the lengths of the standards applied to the first VWG
are 0, 0.48, and 0.84 mm (all outside the transition arca) with
losses of 0.063 dB/mm; for the second VWG they are 1.92,
2.52, and 3 mm with losses of 1.2 dB/mm; and for the third
VWG the standards are supposed at distances 4.2, 4.68, and
5.16 mm with losses of 1.33 dB/mm. Then, the S;; values
of the sensor, with a metallic plate placed at the sclected
distances, arc measured.

38

Fig. 3.

Measurement setup.

Now, having obtained all the necessary data, formulas
from [12] arc applied to correct the measured scanning data.
In addition, the resultant reflection coefficient cnables to be
transformed through the lossy waveguide, so that the reference
plane of the measurement is located at the plane of the SUT.

Generally, the reference plane of standard open-ended
waveguide sensors is at the end of the waveguide. The mea-
sured reflections forming the images are incorrect as they are
influenced by reflections from the sensor itself. Accordingly,
the images cannot have correct contrasts.

Our approach cnables us to correct and de-embed the
scanning data to the plane of the SUT by subtracting the
corresponding section of the VWG. This provides the correct
amplitudes and a contrast in the reflection coefficient image.

III. EXPERIMENTAL RESULTS

The new sensor was mecasured using a setup consisting of
an R&S®ZVA-Z110E millimeter-wave converter from 75 to
110 GHz and a 4-port R&S®ZVA-67 VNA, sce Fig. 3.
We measured two SUTs, formed by a 0.508-mm-thick CuClad
233 substrate, where ¢, = 2.33 and with 17-xm-thick copper
patterns, placed on the Physik Instrumente (PI) positioner
(M-404.82S) controlled by a PC using a step controller
(C663.11). Incremental steps were sct at 0.25 mm. The
TRL calibration technique is applied at the reference plane
of a WRI0 waveguide connccting flange. The measured
data are de-embedded to the reference plane of the sensor,
then post-processed using the proposed calibration technique,
including the de-embedding to the plane of the SUT. For a
better comparison of the results, we also measured a WR10
tapered waveguide sensor using the same sctup and TRL
calibration only. The sensors were also measured without
the SUT.

The pattern of the first SUT is composed of metal strips
5.08-mm-wide. Mcasurement results arc presented in Fig. 4
and correspond to different standoff distances to the SUT: 0.3
and 1 mm inside the first VWG, 2 mm inside the sccond
VWG, and 4 mm inside the third VWG. Contrasts |S7}/S/}],
|Sfl/Slfls|, and |S71/59,|, as ratios of the magnitudes of reflec-
tion cocfficients with a different medium, namely metal (m),
free space (fs), and substrate (d), are summarized in Table I.
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Fig. 4. Magnitude of the measured S;; from SUT1 consisting of metal strips
with width W = 5.08 and gaps of S; = 1.27 mm and S> = 1.9 mm (indicated
by the vertical dashed lines) for different standoff distances at 80 GHz.

TABLE I
CONTRAST COMPARISON

Standoff 0.3 mm 1 mm 2 mm 4 mm
distance
Sensor lst znd 1 st 2nd 1 st 2nd lsl 2nd
1S9 0.22 <0.05 022 <0.05 0.22 <0.05 0.22 <0.05
[Su™| 07 1 0.32 1 057 098 046 0.89
1S 038 042 0.19 041 037 044 034 037
Su™ Sif| 32 >22 145 >22 26 >20 2.1 >18
ISu¥ S| 1.8 >94 0.86 >83 1.7 >87 16 >74

Su™/ S 1.8 24 1.7 24 1.5 23 1.4 24

1% sensor - WR10
2™ sensor — new sensor

The new sensor (the second sensor in Table I) measures | S|
at the reference plane of the sample. In front of the metal strip,
it is equal to unity, provided the openings of the VWGs are
fully covered by the strip. In greater distances, the opening
is only partially overlapped and |S;;| starts to decrease.

|S¢,| of the substrate has different values for different
standoff distances, which can be explained by the diverse
characteristic impedances of the three VWGs, resulting in
different reflection coefficients for the same substrate.

Models of VWGs with the substrate at the considered
standoff distances using |Sfl| provide &, = 2.24 if measure-
ment uncertaintics around #0.05, due to limited mounting
repeatability, are supposed. The agreement is acceptable with
the value &, = 2.33 declared by the producer at 10 GHz and
it also indirectly confirms the validity of the determined |Sf’1 |

Moreover, the proposed sensor measures a nearly constant
contrast |Si"1/Sji1| for different standoff distances. The other
outstanding features are the high contrasts |S’1"l/S'lfl‘Y and
|Sf1/5{f| which result from the application of the calibration
reducing the reflection from the sensor itsclf.

The minimum gap width resolution between metal strips
can be determined by the same level of |S);| compared to
|Sf1| in the middle of the SUT. The resolution equals 1.9 mm
at the standoff distance of 1 mm, sce Fig. 4, which also
corresponds to a minimum resolution for the tracking of SUT
local properties.

0.8

°
3

o
)

o
w

Magnitude

o
N
a

5 4 3 -2 -1 0
Position (mm)
Fig. 5. Magnitude of the measured Sj; of the proposed sensor with
0.5-mm-wide metal strips and a gap of 1.9 mm between them (indicated
by the vertical lines) at 80 GHz.
TABLE II
STATE OF THE ART SENSORS

Ref.  Frequency  Standoffdist.  Spatial resol. Contrast
[GHz] [mm (/)] [mm] [S1"/ St
[4] 24 1 (0.08) S 43
[5] 24 1(0.08) 5 44
[6] 0.426 1(0.0014) 5 1.6
[7]-1* 3.9 4(0.05) 5 14
[7]-2* 4.05 2(0.027) 5 8.9
This 80 0.3+4 (0.08+1.07) 1.9 at 2 mm >20
work

[7]-1*-LA probe
[7]-2*-Helix probe

The second scanned SUT contains two narrow 0.5-mm-wide
strips with a gap of 1.9 mm. Minimum spatial resolutions
of the new sensor can be determined from Fig. 5. Two
individual strips with a gap between them can be clearly dis-
tinguished, even for the 2-mm distance of the sample from the
SCNSOr.

On the other hand, in standard sensors, ¢.g., a rectangular
tapered sensor, the reflection cocfficient is measured at the end
of the open-ended metallic waveguide. The values of | S} | and
|Sil1| measured by this sensor (first sensor in Table I) show
non-monotonic distance dependences which means that they
are incorrect (as well as the contrasts |S7/8/|, 15¢,/8/}|, and
IST /Sldl | of the images obtained) and suffering from the mutual
interference of the relatively high reflection from the end of
sensor S{f and the reflection from the sample.

The excellent properties of the new sensor are shown in
comparison with the state-of-the-art sensors in Table II.

IV. CONCLUSION

A new application of the rectangular waveguide sensor with
a choke for imaging in the W-band has been proposed. The
sensor can scan the image of the SUT up to at least a 1.07 4
standoff distance. The calibration technique suppressing the
reflection coefficient of the sensor itself has been derived and
applied. Due to this technique, the high-contrast of the image
above 26 dB and the correct amplitudes of local reflection
cocfficients can be determined in the plane of the SUT. The
spatial resolution and the minimum resolution for the tracking
of SUT local properties of 1.9 mm at 80 GHz are achieved at
2-and 1-mm standoff distances, respectively. The outstanding
features of the new sensor surpass the properties of the state-
of-the-art sensors.

39



BASKAKOVA AND HOFFMANN: W-BAND IMAGING SENSOR USING RECTANGULAR WAVEGUIDE STRUCTURE

(1

(2]

(3]

(4]

(5]

[l

REFERENCES

A. Baskakova and K. Hoffmann, “Novel waveguide sensors for con-
tactless ultrashort-distance measurements,” IEEE Trans. Microw. Theory
Techn., early access, Sep. 3, 2021, doi: 10.1109/TMTT.2021.3107503.

P. Mehta, K. Chand, D. Narayanswamy, D. G. Beetner, R. Zoughi, and
W. V. Stoecker, “Microwave reflectometry as a novel diagnostic tool for
detection of skin cancers,” IEEE Trans. Instrum. Meas., vol. 55, no. 4,
pp. 1309-1316, Aug. 2006, doi: 10.1109/TIM.2006.876566.

K. M. Donnell, M. A. Abou-Khousa, M. Belaynch, and R. Zoughi,
“Dual-loaded modulated dipole scatterer as an embedded sensor,” /EEE
Trans. Instrum. Meas., vol. 60, no. 5, pp. 1884—1892, May 2011, doi:
10.1109/TIM.2010.2091184.

S. Kharkovsky, A. C. Ryley, V. Stephen, and R. Zoughi, “Dual-polarized
microwave near-field reflectometer for non-invasive inspection of carbon
fiber reinforced polymer (CFRP) strengthened structures,” in Proc.
IEEE Instrum. Meas. Technol. Conf., Apr. 2006, pp. 2108-2111, doi:
10.1109/IMTC.2006.328499.

M. A. Abou-Khousa, M. S. Rahman, and X. Xingyu, “Dual-
polarized microwave imaging probe,” IEEE Sensors J., vol. 19, no. 5,
pp. 1767-1776, Mar. 2019, doi: 10.1109/JSEN.2018.2882695.

M. R. Ramzi, M. Abou-Khousa, and I. Prayudi, “Near-ficld microwave
imaging using open-ended circular waveguide probes,” IEEE Sen-
sors J., vol. 17, no. 8, pp.2359-2366, Apr. 2017, doi: 10.1109/
JSEN.2017.2669301.

40

[7]

[8]

[9

[}

[10]

[11]

[12]

233

M. A. Abou-Khousa, K. T. M. Shafi, and X. Xingyu, “High-
resolution UHF near-field imaging probe,” IEEE Trans. Instrum. Meas.,
vol. 67, no. 10, pp. 2353-2362, Apr. 2018, doi: 10.1109/TIM.2018.
2815437.

O. Malyuskin and V. F. Fusco, “High-resolution microwave near-
field surface imaging using resonance probes,” IEEE Trans. Instrum.
Meas., vol. 65, no. 1, pp. 189-200, Jan. 2016, doi: 10.1109/TIM.2015.
24762717.

W. Saleh, N. Qaddoumi, and M. Abu-Khousa, “Preliminary investigation
of near-ficld nondestructive testing of carbon-loaded composites using
loaded open-ended waveguides,” Compos. Struct., vol. 62, nos. 3-4,
pp. 403-407, Jan. 2003.

A. Hagelauer, M. Wojnowski, K. Pressel, R. Weigel, and D. Kissinger,

“Integrated  systems-in-package:  Heterogencous  integration  of
millimeter-wave active circuits and passives in fan-out wafer-
level packaging technologies,” [EEE Microw. Mag., vol. 19,
no. 1, pp.48-56, Jan/Feb. 2018, doi: 10.1109/MMM.2017.
2759558.

G. J. Scalzi, A. J. Slobodnik, Jr., and G. A. Roberts, “Network
analyzer calibration using offset shorts,” IEEE Trans. Microw. Theory
Techn., vol. MTT-36, no. 6, pp. 1097-1100, Jun. 1988, doi: 10.1109/
22.3638.

G. Bryant, “Vector analyzers,” in Principles of Microwave Measure-
ments. London, U.K.: Peregrinus on behalf of Institution of Electrical
Engineers, 1993, pp. 88-101.



4.4 An Interferometric Sensor for Scanning

Microwave Microscopy Application

This chapter is a version of the published manuscript:

A. Baskakova, G. Stella and K. Hoffmann, “An Interferometric Sensor for Scanning
Microwave Microscopy Application,” in 2018 Asia-Pacific Microwave Conference (APMC),
Kyoto, Japan, 2018, pp. 1232-1234, doi: 10.23919/APMC.2018.8617173.

Connection to my Ph.D. thesis:

This chapter proposes a new approach to interferometric transmission measurement for
scanning microwave microscopy with the new interferometric sensor based on the Wilkin-
son power divider concept. The main idea of the proposed concept is to use a crosstalk
signal as the reference signal to create destructive interference at certain frequencies.
This can be achieved by using a new component, in the form of a microstrip Wilkinson
power divider using cascaded pairs of line length and interconnecting resistors, to extend
the bandwidth. The optimization procedures based on CST and AWR simulations are used
to find the values of the resistors and length of lines for each section. The system has been
experimentally investigated in the frequency band of 45 MHz to 26 GHz. The new sensor
makes it possible to reduce the uncertainty of the reflection coefficient measurements ap-
proximately 40 times, when compared to standard VNA reflection measurement, allowing
fast measurements with a VNA IF bandwidth of 30 kHz.
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Abstract — The development of an interferometric sensor for
scanning microwave microscopy is proposed. The structure is
based on the concept of Wilkinson power divider; by using
multistage sections of microstrip lines and resistors the
operational bandwidth is increased. The optimization of
dimension parameters and resistors values is discussed. The
sensor was experimentally investigated in frequency band 45 MHz
to 26 GHz. 40 times reduction of the reflection coefficient
measurement uncertainty compared to standard VNA reflection
measurement was achieved.

Index Terms — Scanning probe microscopy, interferometry,
on wafer microwave measurement, impedance measurement.

I. INTRODUCTION

The development of new materials and device structures
based on nanostructures and fabricated on chips in wafers
requires new measurement approaches for precise broadband
measurement and imaging of their electromagnetic properties.
These approaches face demands for measurement of high
impedances much larger than conventional reference
impedance of the measurement system, which leads to the
problem of mismatching and poor accuracy of measurements
[1].

Scanning Microwave Microscope (SMM) in combination
with a Vector Network Analyzer (VNA) allows to measure
characteristics of nanostructures in high spatial resolution [2].
Different SMM-measurement methods have been already
presented, [3]-[7]. The most common methods use the
interferometric approaches. However, they make possible
measurement only at one frequency after a calibration.

A new wideband interferometric transmission measurement
approach for SMM with a possibility of simultaneous
measurements on a number of different frequencies was
proposed in [8]. At certain frequencies the transmission
coefficient has deep minima, which are very sensitive to
changes of high impedances seen by the probe tip. The values
of the impedances can be calculated from the transmission
coefficient of the sensor in cascade with an amplifier. An
amplifier with a proper gain compensates attenuation in
minima. The arrangement enables to reduce significantly the
noise of the VNA, which considerably decreases maximum
measurable values of impedances in standard reflection
coefficient measurements. The deeper the minima, the deeper
the noise suppression is.

Copyright 2018 IEICE
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Fig. 1. General circuit of the interferometric sensor with three sections.

The purpose of'the article is to demonstrate a new sensor for
SMM based on the approach from [8]. The paper presents an
improved structure with wider operating bandwidth and more
frequency measuring points. The improvement of measurement
stability compared with direct measurement by VNA is shown
as well.

II. OPTIMIZATION

Cohn in [9] suggested to increase the bandwidth of a power
divider by using cascaded pairs of line length and
interconnecting resistors. This approach was applied to the
interferometric sensor. We used three sections of lines with the
same impedance and resistors with different values, Fig. 1.
Values of the resistors and lengths of the lines were found by
an optimization procedure focused on reaching equal and deep
interference minima.

The optimization procedure was done with AWR Microwave
Office (AWR) and CST Microwave Studio (CST) software. It
was necessary to derive:

. a circuit structure of the sensor with discontinuities,
e an equivalent circuit of the resistor.

The layout of the sensor with discontinuities designed in
AWR is shown in Fig. 2. It was observed that coupling between
the lines results in a degradation of the sensor performance.
Therefore, it was minimized by bending the microstrips
between the resistors. They were shaped with a 90-degree angle
between each other.

A precise 3D model of the resistor 0402 dimensions was
created and simulated in CST. The simulation was done for a
mounting case, which is depicted in Fig. 3a, with the flipped
arrangement of the resistor to decrease parasitic inductances.
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Fig. 2. The layout of the sensor (AWR model).
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Fig. 3. Model of the resistor simulated in CST placed between lines in
series (a) and the equivalent circuit (b).
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Fig. 4. Transmission coefficient of the proposed sensor (AWR).

Reference planes were considered at the edges of the
component. Then AWR and curve fitting techniques were used
to find an equivalent circuit of the resistor, Fig. 3b. It consists
of a thin film resistor model with corresponding dimensions of
the package and a surface resistivity, and a parasitic capacitance
Cpar=0.039 pF connected in parallel. Two T-junctions were
added to connect the equivalent circuit between the microstrips
in Fig. 2. No coupling between the microstrips was supposed in
this arrangement.

The sensor circuit structure was optimized in AWR.
However, the goal to get equivalent and deep minima in the
whole frequency band has not been fully achieved yet, see
Fig. 4. The optimized lengths of the sections /i, /> and /5 are
7.4 mm, 4.5 mm, and 5.2 mm, respectively. The values of the
resistors are R =2 Q, R, =91 Q, and R; =110 Q.

|S21|, dB
-
—_

-40

— Meas.
- CST

-60
0 5 10 15 20 25

Frequency, GHz

Fig. 6. Simulated (dashed lines) vs measured (solid lines) parameters of the
Sensor.

[II. EXPERIMENTAL VERIFICATION AND DISCUSSION

The final structure of the sensor was simulated in CST and
fabricated on 0.254 mm CuClad 233 substrate, see Fig. 5. Its
parameters were measured in frequency band 45 MHz to
26 GHz on Agilent PNA E8364A VNA calibrated by Agilent
85052C 3.5 mm Calibration Kit in reference planes of SMA
connectors. The simulated and measured results, depicted in
Fig. 6, are in a good agreement.

The new sensor was tested with respect to its ability to
suppress the noise of the VNA and simultancously the
uncertainty of measurement of high impedances. Therefore, an
SMA to microstrip adapter was connected to the sensor at the
tip of the microstrip which slightly shifted frequencies of
minima. The measurement was done at frequency 3.92 GHz,
where the minimum level of the sensor with the added SMA
adapter is around -50 dB.

The VNA was first calibrated at the reference planes of its
test cabels. IF bandwidth was set to 30 kHz. Then a cascade of
the sensor and Mini Circuits amplifiers ZX60-8008E-S+, Gali
1+ and Gali 2+ with a total gain 48.5 dB was connected
between the test cables. The second step of the calibration at the
reference plane of the added SMA-microstrip adapter was
applied. A 3-port error model with 3 constancies Ci, C2, and Cs
determined in accordance with [10] was used.
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Fig. 7. Spreading of the 1000 values of the measured reflection coefficient
of the direct method (blue markers) and interferometric method (red
markers).

After calibration, 1000 S>; measurements corresponding to
open end of the added SMA-microstrip were collected and
corresponding reflection coefficient 1, was calculated, in
accordance with [10], by formula:

— S21 — Cl (1)
TG, +GS,,

To compare these interferometric measurement results with
the results of the direct VNA reflection coefficient
measurement, the VNA was calibrated for one port
measurement with SMA(f)-SMA(f) adapter connected to the
test cable using the same calibration kit. 1000 reflection
coefficients were measured at the same frequency.

The spreading of the values of the reflection coefficient
around the mean value for both methods was defined as
1 N

Nzr"/ |

J=1

A, ]-1, - )

where N is a number of measurements, and depicted in Fig. 7.

The standard deviations in the mean of the reflection
coefficients determined by both methods were calculated [11],
see Table I. It can be seen that the new sensor suppresses the
uncertainty of the measurement about 40 times in comparison

with the direct method of the reflection coefficient
measurement.
TABLE L
STANDART DEVIATION OF MEASURED REFLECTION COEFFICIENTS
Method Real part of T, Imaginary part of ',
Direct 4.4159-107 4.4157-107
Interferometric 1.3610-10™° 1.0221-10™

IV. CONCLUSION

A new structure of interferometric sensor, which can be
applied for SMM measurements, was analyzed, realized and
measured in frequency band 45 MHz up to 26 GHz. The sensor
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contains multistage sections of microstrip lines and resistors
extending the operating bandwidth. The optimization
procedures based on CST and AWR simulations were used to
find the values of resistors and length of lines for each section.

Significant improvement, more and deeper minima, was
achieved in comparison with original sensor from [8]. The new
sensor makes possible to reduce the uncertainty of the reflection
coefficient measurements about 40 times compared to standard
VNA reflection measurement allowing fast measurements with
VNA IF bandwidth 30 kHz.
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4.5 Design of Microstrip Dual-Mode Impedance

Transformers

This chapter is a version of the published manuscript:

A. Baskakova, and K. Hoffmann, “Design of Microstrip Dual-Mode Impedance Trans-
formers,” in IEEE Microwave and Wireless Components Letters, vol. 29, no. 2, pp. 86—88,
Feb. 2019, doi: 10.1109/LMWC.2018.2887313.

Connection to my Ph.D. thesis:

The EM analysis of the interferometric sensor from section 4.4 shows that the parts
of the sensor with placed resistors are coupled resulting in the degradation of sensor
performance. To avoid this effect another configuration of the interferometric sensor is
proposed utilizing coupled lines instead of bent microstrip line sections. The simpler
the shape of the sensor (with fewer discontinuities), the easier it can be described in
software and optimized afterwards. Since the new sensor design is relatively plain, only
the part with the connection of the 50 (2 microstrip lines and coupled line can bring any
mismatching of impedances. This mismatching can be suppressed using a new dual-
mode impedance transformer which should match single-ended impedance Z; to general
impedances of even mode Zy, and odd mode Z, of a coupled line. For this purpose, a
new, unique four-port component is investigated and developed in this chapter. A new
dimension correction approach is derived. Two transformers between 50 (2 microstrips and
microstrip coupled lines with even/odd impedances of 100/ 68 2 and 36 / 27 €, respectively,
are built. The concept is experimentally verified at the frequency band 0.01-16 GHz.
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Design of Microstrip Dual-Mode
Impedance Transformers

Aleksandra Baskakova

Abstract—new four-port component, dual-mode impedance
transformer for wideband matching of two microstrip lines
with equal characteristic impedance and a coupled microstrip
line with general even- and odd-mode impedances, is proposed.
Practical realization problems are discussed and a new dimen-
sion correction approach is derived. Two transformers between
50-2 microstrips and microstrip coupled lines with even/odd
impedances 100 2/68 £ and 36 /27 Q, respectively, were built.
The concept was experimentally verified at the frequency band
0.01-16 GHz.

Index Terms— Coupled lines, impedance matching, tapered
lines, transformer.

I. INTRODUCTION

MPEDANCE matching is an important technique com-

monly used in the design of many microwave circuits [1].
A wider frequency band can be achieved using multisection
transformers. Binomial multisection matching transformers
cnable a flat response near the design frequency. For a given
number of scctions, greater frequency bandwidth can be
achieved using Chebyshev multisection matching transform-
ers, where the bandwidth is optimized at the expense of a
passband ripple. In both multisection transformers, bandwidth
increases with morc of sections. The limit of an infinite
number of sections is achicved by using a continuously tapered
line. There arc different types of tapered line impedance
transformers such as exponential, triangular, or Klopfenstein
tapers [1]. All of these impedance transformers match or trans-
form impedances supposing only single-mode propagation
along a transmission line.

Dual-mode tapered-coupled line impedance transforming
structures have been proposed for applications in directional
couplers [2]-[4]. In these theoretical papers, impedances of
the even mode Zo and the odd mode Z, along the structurc
are solely linked with connected line impedance Zp so that
Zé = ZoeZ0o, and nonzero reflection coefficients of the even
and odd modes are considered. Realizations in stripline are
supposed [3].

In some applications where coupled lines are applied,
the more general type of dual-mode impedance matching
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Fig. 1. Proposed dual-mode impedance transformer.

transformers may be useful, e.g., in a new type of three-port
sensor for scanning microwave microscopy [5]. In principle,
these components use a signal formed by an interference
of both even- and odd-mode signals. A dual-mode matching
transformer can improve their properties suppressing unwanted
simultancous reflections of both modes by the reduction of dis-
continuities between microstrip lines and a microstrip coupled
line.

The purposc of this letter is to demonstrate that the real-
ization of a four-port component for wideband simultancous
matching of two microstrip lines with characteristic impedance
Zo and a coupled microstrip line with general impedances
Zoe and Zg, is possible. Practical recommendations for the
determination of structure dimensions in microstrip technology
are provided.

II. DESIGN OF DUAL-MODE IMPEDANCE TRANSFORMERS

The design of a dual-mode impedance transformer is based
on the theory of small reflections [1], namely, continuously
tapered lines. Applying the conventional single-mode approach
simultancously to both even and odd modes of a coupled
linc cnables to design a dual-mode microstrip impedance
transformer, which matches a single-ended impedance Zj to
general impedances Z. and Z, of a coupled line (see Fig. 1).
According to [1], the characteristic impedance of the tapered
line is variable with the position along the line. We utilized
the approach on both modes using the exponential functions

Llnﬁ Lln@
Zoe(l) = Zoe™ ™~ 70, Zoo(l) = Zoe™ % (1)

where [ is a position along the coupled tapered line, L is its
length, Zy is an impedance of the single-ended microstrip line,
and Zo and Z, arec impedances of the microstrip coupled line.

Employing (1), Zo. and Zp, impedances in ecach chosen
position [ can be calculated, and corresponding widths of
lines (W) and the slot between them (S) can be determined [6].
Spline approximation can be applied to climinate the influence
of a step in width discontinuities.

1531-1309 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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TABLE I
SPECIFICATION OF THE IMPEDANCE TRANSFORMERS

Zg ’ Zg ’ S, mm W, mm  Z;,, Q Wy, mm
Above 50 Q 100 68 0.37 0.57
Below50 Q 36 27 0.21 2.64 >0 1.49
0 T
Even mode
™ |
<
2
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Fig. 2. [Sy1e| and |Syje] theoretical versus simulation in CST results for

the transformer with impedances Zg. and Zp, both above 50 Q. Dimensions
W and S considered in the plane perpendicular to the plane of symmetry.

As an example, two general dual-mode microstrip
impedance transformers with impedances not limited by Z2 =
ZoeZoo condition from [2]-[4] were designed. The length
of the transformers was L = 25 mm. A CuClad 0.508-mm
substrate with &, = 2.33 was supposed. The characteristic
impedance Z, the width of the microstrip line Wy, and general
impedances of the coupled lines with their widths and slots
arc shown in Table I. The input reflection coefficients of
cach impedance transformer were computed using a formula
from [1] applied to both modes

InZoe/Zo o—ifiel. sin S L

S —
[S11el > BeL
InZoo/Zo _;p; Sin oL
IS110l = o/ e iPol Po (2)
2 Bol

where f. and f, are propagation constants of even and odd
modes.

Both transformers were simulated in CST Microwave
Studio. The dimensions W and S were considered in planes
perpendicular to the plane of symmetry of the transformers
since it is common in homogeneous coupled lines. However,
Fig. 2 confirms that the theoretical results determined by (2)
and the results of simulations do not agree.

Animations of the clectromagnetic (EM) field in the trans-
former structure clarified the problem. The real EM field
distribution in the structure was significantly different from

ScortWeo,

b)

Fig. 3. (a) Propagation of the EM wave along the structure on the top of the
substrate. (b) Sketch of the correction of the dimensions (microstrip center
lines are displayed).

the assumed perpendicular to the plane of symmetry EM field
distribution in the coupled lines [see Fig. 3(a)]. The E-field
lines between microstrips were perpendicular to their edges
and were shaped like arcs instead of the supposed linear shape.
Therefore, some dimension corrections were necessary.

We approximated the arcs using circular arcs with the radii
corresponding to the distance between the coordinates under
correction and the intersections of the planc of symmetry and
the lines connecting that coordinate with the nearest one [see
Fig. 3(b)]. The corrected slot width S¢or was considered as
the length of the circular arc supposing Scor = S. To respect
the E-field distribution, the width of lines Wy had to be
measured in the direction perpendicular to the center line of
the microstrip, supposing Weor = W.

The paramcters W and S were calculated at a frequency
of 10 GHz. The limit of the ratio of S and the substrate thick-
ness did not allow to calculate S for / from 0 to 0.5 mm [6]. For
this low-coupled part of the transformer, a linear extrapolation
was used instead. This correction method was applied for
both dual-mode impedance transformers, and CST simulations
were repeated. Results are depicted in Figs. 4 and 5. It is
clear that the dimension correction brought simulation results
significantly closer to the theoretical results.

III. EXPERIMENTAL INVESTIGATION

Two dual-mode microstrip impedance transformers for two
coupled lines specified in Table 1 with corrected dimen-
sions were designed on a 0.508-mm CuClad 233 substrate
(see Fig. 6). The 20-mm pieces of homogeneous microstrip
lines and homogeneous coupled lines, respectively, were added
at both ends of the transformers so that the time gating
mecasurcment techniques could be applied. Two samples of
each transformer were made for the measurement of even- and
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Fig. 5. Measured, simulated, and theoretical reflection coefficients of the

impedance transformer with the final impedances below 50 Q.

odd-mode reflection coefficients. At the end of the coupled line
of each transformer, 0402 resistors with values corresponding
to even- and odd-mode impedances were mounted.
Reflection cocfficients at the input of microstrip lines were
measured using an R&S ZVA-67 vector network analyzer set
for true common and truc differential mode measurements
at frequency band 10 MHz-16 GHz. Calibration with an
R&S ZV-Z52 E-cal calibration unit at the reference plane of
SMA connectors was applied. Then, the time-gating technique
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Fig. 6.  Experimental samples of two transformers with Zp. and Z,
impedances both (a) above and (b) below 50 Q.

was used to climinate the influences of the SMA-microstrip
adapters and parasitics of SMD resistors on the measurement
of the reflection coefficients of the samples.

The theoretical, simulated in CST, and mecasured results
arc depicted in Figs. 4 and 5. The characteristics reasonably
correspond to cach other. The differences between the sim-
ulated and measured curves may be because of the etching
technological limits. Also, at higher frequencies, the corre-
spondence between theory and both simulations and measure-
ments slightly degraded, probably due to dispersion propertics
of the structure not taken into account in (1). Radiation of
SMA-microstrip adapters may have played a role.

IV. CONCLUSION

A design of a new dual-mode microstrip impedance trans-
former for simultancous matching of even- and odd-mode gen-
eral impedances of a coupled line to a characteristic impedance
of connected microstrip lines was proposed. A novel correction
method for the determination of transformer dimensions was
derived and verified by simulations and experiments.
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4.6 Advanced Configuration of the Interferometric

Sensor

In this chapter, the advanced configuration of the interferometric sensor based on coupled
lines and the impedance transformer developed in section 4.5 is proposed.

The schematic of the measuring scanning microwave microscope system is presented in
Figure 4.1. The transmission coefficient has deep minima at the frequencies of interference
which are very sensitive to changes of high impedances as seen by the probe tip. The
values of the impedances can be calculated from the transmission coefficient of the sensor
in cascade with an amplifier. An amplifier with proper gain compensates for attenuation in
minima. The arrangement enables the noise of the VNA to be reduced significantly, which
considerably decreases maximum measurable values of impedances in standard reflection

coefficient measurements. The deeper the minima, the deeper the noise suppression is.

test sig.
sample

—— probe

| XYZ positioner

Figure 4.1: Schematic of the measurement system

The principle of the method can be explained by an analysis of the four-arm sym-
metrical networks where the input wave is broken into even and odd modes [45]. The
measurement signal goes from port 1 to the sensor where the modes start to propagate.
The even mode travels along the arms of the sensor to the end of the probe, and then
reflects back. In contrary fashion, the odd mode propagates along the arms and, at the end
of a coupled line, a short circuit for this mode occurs. Therefore, the odd mode has a shorter
path. Ultimately, both signals are added. Due to the different lengths of the pathways, the
signals destructively interfere at some frequencies. The resultant transmission between

port 1 and port 2 has, therefore, deep minima on these frequencies. The number of these
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frequencies in a frequency band depends on the electrical length of the line connected
to the probe. The deepness of the minima can be controlled by making the reflection
coefficient amplitude of the even and odd modes equal.

Considering that the parts of the sensor with placed resistors from section 4.4 are
coupled, they bring degradation of sensor performance. A problem in characterizing them
sufficiently correctly arises. For full characterization of the structure in software, when
optimizing its properties, the design of the sensor should be as simple as possible.

Another configuration of the interferometric sensor utilizing coupled lines, instead
of bent microstrip line sections, is advantageous. The shape of the sensor is plain, with
fewer discontinuities, therefore it can be more easily described in software and optimized
afterwards.

The advanced configuration of the sensor is designed in CST Studio Suite and depicted
in Figure 4.2. The structure of the sensor was simulated using a 0.254 mm CuClad 233
substrate and lossy copper metallization in a frequency band ranging from 45 MHz to 18
GHz. The structure includes a number of improvements to suppress unwanted reflections
and to modify sensor properties.

To decrease unwanted coupling between the ports, they are designed at the same plane
(see Figure 4.2 — 1). An impedance transformer from section 4.5 is applied to reduce
impedance mismatch (see Figure 4.2 — 2). It transforms 50 Q microstrip lines, with width
Wo= 1.49 mm, to microstrip coupled lines with even/odd impedances 100 / 68 Q, with the
width of coupled line W = 0.57 mm and gap S = 0.37 mm. And finally, surface-mount
device (SMD) resistors are replaced by a thin layer of resistive material with a resistance
of 9 Ohm per square (see Figure 4.2 — 3). This technique allows the resistive layer to be
deposited precisely on the place of interest with high tolerance, in comparison with the

SMD component placement.

Figure 4.2: Advanced interferometric sensor for SMM
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4.6. ADVANCED CONFIGURATION OF THE INTERFEROMETRIC SENSOR

One of the main advantages of the approach is that the sensor is designed on a single
substrate with no movable parts. Both interfering signals propagate only inside of the
structure. Therefore, the sensor is not sensitive to the movements of interconnecting
cables or the placement of SMD components.

The simulated transmission coefficient is depicted in Figure 4.3. The minima of the
sensor are similar for frequencies up to 15 GHz and equal to 38 + 4.5 dB. In principle, this
arrangement allows the measurement system to be calibrated only once for all frequencies
of the minima, which makes the system broadband and simple to use. The structure can

be further optimized to achieve equal minima even for frequencies above 15 GHz.
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T T

1 1

)
o
T

I

Magnitude (dB)

_50 1 | 1 1 1 1 | 1
0 2 4 6 8 10 12 14 16 18

Frequency (GHz)

Figure 4.3: Transmission coefficient of the advanced interferometric sensor

However, I faced a problem in the realization of the structure, in particular, to find
manufacturers who could apply a resistive layer to the substrate. It takes a well-designed
technology to fill the gap between a coupled line with lossy material. Therefore, the
fabrication of the structure is planned for the future.
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‘ Conclusion

CHAPTER

This thesis provides theoretical, analytical and experimental analyses of new components
for microwave distance and imaging measurements based on an interferometric approach.
The state-of-the-art was presented with an emphasis on the advantages and limitations
of contactless distance sensors, sensors for imaging purpose and scanning microwave

microscopy systems.

The core part of the thesis starts with a proposal of a new design of a contactless
ultrashort distance sensor based on an R100 waveguide with a choke flange in section
4.1. It was experimentally investigated in the frequency band from 8 GHz to 12.4 GHz
measuring reflection coefficients from 0 up to 20 mm. It was found that the sensor has a
quasi-linear dependence of the measured reflection coefficient phase on the distance to a

target with no ambiguities, which is a unique property for this particular application.

The design was extrapolated to the W-band in section 4.2 to decrease the error in
distance determination. In addition, the design, based on a circular waveguide sensor
with choke, was introduced. A physical explanation and description of field behavior
between the sensors and the target has been suggested and a corresponding, physically
well-founded, equivalent circuit, based on a cascade of virtual waveguide (VWG)s with
different dimensions, has been proposed. A new calibration correction method, based on
the equivalent circuit, has been derived. The new method suppresses the influences of
the reflection from the sensor itself, multi-reflections between the sensor and the target,
variable wavelength in the vicinity of the sensor, and changes in the field configuration
when one mode converts into another one. Only nine calibration measurements are
necessary for measurements in the whole distance interval from 0 to 6 mm. Both sensors
have been successfully experimentally verified. The sensors enable distances from zero to
more than one and a half of the wavelength with maximum error below 0.9 % and 0.7 %,
respectively, to be determined. In comparison with the state-of-the-art sensors, the new
sensors enable about ten times fewer distance measurement errors to be achieved. Both

new sensors are applicable in the wide frequency bandwidths 2 and 10 GHz.

While developing the theory for the distance sensor, I realized that its properties are
beneficial for the imaging application. Section 4.3 demonstrates the successful use of the
rectangular distance sensor in W-band imaging. The sensor can scan the image of the

SUT up to at least a 1.07 Ay standoff distance. The calibration technique suppressing
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the reflection coefficient of the sensor itself has been applied. Due to this technique, the
high-contrast of the image above 26 dB and the correct amplitudes of local reflection
coefficients can be determined in the plane of the SUT. The spatial resolution, and the
minimum resolution for the tracking of SUT local properties of 1.9 mm at 80 GHz, are
achieved at 2-and 1-mm standoff distances, respectively. The outstanding features of the
new sensor surpass the properties of the state-of-the-art sensors.

A new design of a measurement system for the measurement of the properties of
extremely high impedance materials in the microwave region was proposed in section 4.4.
It consists of new circuit structures using the interferometric transmission measurement
approach. The novel structure of an interferometric sensor, consisting of multi-stage
sections of microstrip lines and resistors, was analyzed, realized and measured in a
frequency band of 45 MHz up to 26 GHz. The sensor enables the reduction of the
uncertainty of the reflection coefficient measurements by approximately 40 times compared
to a standard VNA reflection measurement and allows fast measurements with a VNA
IF bandwidth of 30 kHz. The sensor is simple, cheap and mechanically stable with no
movable parts.

Another structure of the sensor based on coupled line was suggested in section 4.6.
To decrease the unwanted reflections in the structure, it was necessary to design a four-
port component — impedance transformer. The new, original design of the dual-mode
microstrip impedance transformer, for the simultaneous matching of even- and odd-
mode general impedances of a coupled line to a characteristic impedance of connected
microstrip lines, was proposed in section 4.5. A new dimension correction approach was
derived. Two transformers between 50 () microstrips and microstrip coupled lines, with
even/odd impedances 100/ 68 Q2 and 36 / 27 Q, respectively, were built. The concept was
experimentally verified at a frequency band of 0.01-16 GHz.

The results attained in this thesis have opened a number of directions for future
research. There are still many challenges in the area for which the author suggests future

research as follows:

B As a part of the imaging sensor study, it can be verified whether it can detect
material properties of the dielectric samples. A method for 1-port material property

measurements can be derived;

B The final design of the interferometric advanced sensor using the dual-mode impedance
transformer can be fabricated and experimentally verified by measuring samples

with very high impedances.
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