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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

iii



Abstrakt

Tato práce je zaměřena na návrh součástek v pásmu mikrovln a mm vln pro přesné měření

vzdálenosti a zobrazování s vysokým rozlišením, což může být využito v řadě aplikací v

automobilovém i strojírenském průmyslu a robotice.

Jsou navrženy vyrobeny a experimentálně ověřeny nové senzory pro měření ultra-

krátkých vzdáleností pracující v pásmech X a W. Hlavní problém měření koeficientu odrazu

v blízkém poli antény je vyřešen použitím speciální tlumivkové příruby na otevřeném

konci vlnovodu R100 a WR10 a kruhového vlnovodu s poloměrem 1,42 mm. Rozložení

pole mezi senzorem a terčem je analyzováno a vysvětleno pomocí vyšších vidů v radiálním

vedení tvořeným senzorem a rovinným odrazným terčem. Je navržen robustní náhradní

obvod tvořený kaskádou ztrátových vlnovodů a je odvozena nová kalibračně/korekční

metoda. Tato metoda umožňuje dosáhnout desetkrát menší chyby v měřené vzdálenosti v

porovnání s dosud známými senzory.

Senzor s vlnovodem WR10 a tlumivkovou přírubou je úspěšně použit pro zobrazování

v pásmu W. Díky vyvinuté kalibračně/korekční metodě umožňuje senzor dosáhnout kon-

trastu zobrazení většího než 26 dB a prostorového rozlišení 1,9 mm při vzdálenosti vzorku

2 mm, což je lepší než parametry dosud známých senzorů.

Pro charakterizaci materiálů s větším prostorovým rozlišením pomocí skenovacího

mikrovlnného mikroskopu byl navržen nový interferometrický senzor.používající víces-

tupňové sekce mikropáskových vedení a rezistorů a pracující ve frekvenčním pásmu 45

MHz – 26 GHz. Senzor může být dále vylepšen použitím vázaných vedení místo sekcí

mikropáskových vedení. Je navržena a experimentálně ověřena nová součástka typu

čtyřbran, dvojvidový impedanční transformátor, umožňující tento koncept. Tato součástka

umožňuje dosáhnout hlubších interferenčních minim v širším kmitočtovém pásmu. Po

zvládnutí technologických problémů s nanášením tenké odporové vrstvy může být použita

při dalším vývoji interferometrického senzoru.

Klíčová Slova

Měření vzdálenosti, mikrovlnné měření, měření mm-vlny, vlnovodný senzor, mm-

vlnové zobrazování, interferometrie, impedanční přizpůsobení, transformátor, skenovací

mikrovlnná mikroskopie
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Introduction

Technical and technological progress does not stand still, but rather introduces new

inventions 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.
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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 Ω) 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

2



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.
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State-of-the-Art

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 =λ(π−φ)/4π, (2.1)

where φ is a phase of the measured reflection coefficient of the signal, λ is a wavelength

and d is the distance from the initial point to the 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 2π-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.

6



2.1. DISTANCE MEASUREMENT

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 Γ 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 ½ λ0. 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

7



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.
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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.

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 λ0 (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 λ0 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 Ω 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):

Γ= Z−Z0

Z+Z0
, (2.2)

where Z0 is equal to the characteristic impedance of the VNA.

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

12



2.3. SCANNING MICROWAVE MICROSCOPY

connected in parallel to a 50 Ω 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 ΓR reflection coefficients measured by

the VNA can be achieved:

ΓR = 1
2

(Γχ+Γre f ), (2.3)

where Γχ corresponds to the reflection coefficient of the tip and Γre f corresponds to a

reference reflection coefficient which is out of phase with respect to Γχ and with a similar

amplitude.

However, considering ∆ΓR , a measurement uncertainty of the reflection measurement

of the VNA due to noise, ∆Γχ uncertainties of Γχ are determined using (2.3):

∆Γχ = 2∆ΓR . (2.4)

The uncertainty of the reflection coefficient of tip ∆Γχ is twofold higher than the

measurement uncertainty ∆ΓR of the VNA. Problems with tip impedance Zχ 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 T21 equals:

T21 = G
2

(Γχ−Γre f ), (2.5)

where G is a linear gain of the amplifier.

The arrangement makes it possible to reduce the uncertainty of reflection coefficient

∆Γχ of the tip caused by VNA transmission measurement uncertainty ∆T due to noise by

a factor of G/2:

∆Γχ = 2∆T21

G
. (2.6)

This reduction is limited by a crosstalk corresponding to the S21 parameter of the

hybrid coupler between port 1 and port 2.

13



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 Zref,

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 ∆Γχ 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

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:

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

waveguide open in the X-band;

■ 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;

■ 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;

■ 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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■ 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;

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

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

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 50Ωmicrostrips and microstrip

coupled lines with even/odd impedances 100 /68 Ω and 36 /27 Ω, 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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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, microwave 

measurement, millimeter wave measurement, sensors. 

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 

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 

using a well-known equation 

     arg
4

0 



d , (1) 

where 0 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 ½ 0. 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 
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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 S11 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 

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, 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. 

(a)                                            (b) 

Fig. 1. Sensors for ultra-short distance measurement in the test 

fixture with a standard plain flange (a) and with a choke flange (b). 

 Fig. 2. The experimental setup. 

(b) 

(a) 

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. 
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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 at 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. 

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. 

(a)  

(b)  

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. 

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. 

(a)  

(b)  
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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 ½ 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.  

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 

0 mm up to 20 mm and the sensor with the plane flange 

provides amplitude above 0.4 for distances from 0.5 mm to 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 µm. 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 µm.
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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 λ0). 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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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.

41



Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on December 17,2021 at 09:54:03 UTC from IEEE Xplore.  Restrictions apply.42



Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on December 17,2021 at 09:54:03 UTC from IEEE Xplore.  Restrictions apply.43



Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on December 17,2021 at 09:54:03 UTC from IEEE Xplore.  Restrictions apply.44



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 Ω 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 Z0 to general

impedances of even mode Z0e and odd mode Z0o 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 50Ωmicrostrips and

microstrip coupled lines with even/odd impedances of 100 / 68Ω and 36 / 27Ω, respectively,

are built. The concept is experimentally verified at the frequency band 0.01–16 GHz.
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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.

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 Ω microstrip lines, with width

W0= 1.49 mm, to microstrip coupled lines with even/odd impedances 100 / 68 Ω, 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.

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

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 λ0 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 Ω microstrips and microstrip coupled lines, with

even/odd impedances 100 / 68 Ω and 36 / 27 Ω, 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:

■ 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;

■ 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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