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ABSTRACT

Dielectric spectroscopy is a versatile experimental technique for identifying materials based
on their electrical properties. Dielectric spectroscopy measures complex relative permittivity of
materials as a function of frequency. Time-domain dielectric spectroscopy is a fast, simultaneous,
and highly accurate technique for unique detection and characterization of materials over broad
frequency ranges. In time-domain technique, the complete characterization of material is rapidly
obtained by using a short-duration excitation pulse that simultaneously contains all the desired
frequencies.

In this study, three miniaturized time-domain dielectric spectroscopy systems are presented for
material sensing in ultra-wide band frequency range. The first system is a contactless spectroscopy
system based on using a pair of Vivaldi antennas located in the near-field region for sensing liquid
materials. The response of this sensing unit is measured in a combined time-frequency-domain
system as well as a pure time-domain system. The second system is a miniaturized contact-based
spectroscopy system that uses planar wide band sensors with a few pLL amount of test material for
sensing in a wide dynamic range. The contact-based sensor is initially designed for phase measure-
ment and in an extended version for phase and magnitude measurement of material responses. The
third system is based on dual-comb spectroscopy technique. In dual-comb spectroscopy, the mi-
crowave properties of test material is mapped to the baseband frequency that significantly reduces
the receiver complexity. The implementation and experimental results of the above-mentioned
time-domain spectroscopy systems are reported.

In addition, a high capacity chipless RFID tag for identification is presented in this research.
Chipless RFID tags are passive and printable structures with unique electromagnetic signatures
that are considered as substitutes for traditional barcodes and as alternatives to chipped RFID tags.
Moreover, three chipless RFID readers in time-domain including IR-UWB, chirped pulsed Fourier
transform microwave, and dual-comb technique are demonstrated for identifying the chipless RFID

tag.
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1. INTRODUCTION

1.1 Miniaturized Ultra-wideband Time-domain Dielectric Spectroscopy Systems

Microwave broadband dielectric spectroscopy is a powerful experimental method for unique
characterization of materials based on their dielectric properties. This technique precisely extracts
the complex relative permittivity, €* = € - j €”, of a material under test (MUT) versus frequency
according to the interaction of the MUT with an external microwave electric field. Microwave
broadband dielectric spectroscopy has been proven to be highly valuable due to the fact that the
dielectric property of materials over a broad range of frequencies is unique for each material, and
therefore, a relatively straightforward material sensing and characterization can be performed with
a low cost. This area has actively been the focus of research for about a few decades due to its vast
areas of applications such as biomedical, food and drug safety, oil industry, and chemical/biological
sensing [10, 11, 12, 13, 14].

Time-domain dielectric spectroscopy (TDS) is an important technique for measuring the com-
plex permittivity of MUTs over a wide frequency range. In TDS, a short duration pulse with a wide
bandwidth is sent through an MUT and the reflected or transmitted signal from the MUT is cap-
tured in time domain (TD). The captured information contains broadband dielectric properties of
the MUT. TDS can be considered as an alternative for frequency-domain (FD) spectroscopy tech-
niques that are commonly utilized for broadband sensing using a vector network analyzer (VNA).
In FD techniques, the resolution of the captured data depends on the frequency sweep step, while
for most of the TD methods it is contingent upon the length of excitation pulse and fast Fourier
transform (FFT) postprocessing of the TD data.

This thesis consists of three miniaturized TDS systems for characterization of MUTs in 3—
10 GHz ultra-wide band (UWB) frequency range.

The first system is a contactless sensing system that uses combination of TD and FD tech-

niques for measuring the frequency response of MUTs [2]. A contactless sensing system can be



applied for measuring hazardous materials like acidic liquids, and it is long-lasting and cost effec-
tive because the sensing unit is separate from the electronic circuits which makes the sensor and the
MUT container replicable and reusable. The miniaturization and contactless sensing in UWB are
achieved by using two Vivaldi antennas placed in the near-field distance of each other for sensing
a liquid MUT located in between. An extended version of this system proposed based on a pure
TD technique [1]. In the extended version, a 3—10 GHz pulse input is utilized for measuring the
UWRB properties of MUT by only a single measurement. The full characterization of liquid MUTs
is reported by using this system.

The second system is a miniaturized contact-based dielectric spectroscopy system that employs
printed sensors with periodic structures for sensing MUTs in UWB range [4]. Although in [4], the
system can only measure the phase response of different MUTs, in an extended version [5], the
sensor is optimized for measurement of both magnitude and phase response of MUTs by only
using 0.3 uL of the MUT. The complete characterization of liquid MUTs is reported by using the
measurement results of this system.

The third system is based on dual-comb spectroscopy (DCS) technique that enables fast, minia-
turized, self-sustained, and low-cost sensing system with the possibility of being self-sustained and
independent of laboratory facility [6]. With DCS technique, the microwave UWB properties of the
MUT is mapped to the baseband frequency significantly reducing the receiver complexity. In an
extended version of the DCS system [7] that operates with mutually coherent sources, the com-
plex permittivity of ethanol, methanol, and their mixtures are extracted by using the results of this
system and through calibration.

For the three systems introduced above, the system design, sensor design, fabrication and mea-

surement results, calibration and characterization of unknown MUTsS are presented in chapter 2.
1.2 Chipless RFID Systems

Chipless radio frequency identification (RFID) is a smart, robust, and low cost solution for
identification and sensing. Chipless RFID tags are passive and printable electromagnetic structures

that are considered as substitutes for traditional barcodes and as alternatives to chipped RFID



tags. The chipless (/chipped) RFID shows its usefulness in a wide range of applications including
item tracking, transportation, supply chain management, asset management, security and access
control, and point-of-sales systems. The development of miniaturized and high-capacity chipless
RFID tags has attracted immense attention in the past decade. In this thesis, a high capacity
50.7-bit retransmission-based chipless RFID tag with miniaturized resonators is presented. 32
resonators each consisting of an interdigital capacitor (IDC) in parallel with a meander inductor
build miniaturized LC resonators placed next to a microstrip line. Beside 32 resonance positions
designed from 3.4 GHz to 10 GHz, Q of each resonator is also coded in two separate states by
adjusting the LC distance from the microstrip line. Therefore, each frequency position has three
states: (i) no resonance, (ii) low Q, and (iii) high Q that generates 50.7 bits for the tag.

In addition to the tag, every chipless RFID system requires a microwave UWB reader to in-
terrogate the tag by a UWB transmitter and then acquires the reflected response form the tag by
a UWB receiver. Unlike the chipless RFID tags, there is limited research about UWB chipless
RFID readers. The focus of Chapter 3 is implementation of the high capacity Chipless RFID tag
comparison of time-domain UWB chipless RFID readers and proposing the dual-comb reader as a

novel technique for Chipless RFID application.



2. TIME-DOMAIN DIELECTRIC SPECTROSCOPY SYSTYEMS*

2.1 Contactless UWB Microwave Dielectric Spectroscopy System

Contact-less material characterization has multiple advantages compared with the contact-
based counterpart specially when the MUT sample is in liquid form. First, having contact be-
tween a liquid and the sensing unit can make the sensor hardly re-usable. In this case, the sensing
unit needs to be replaced after each measurement trial, which makes the contact-based approaches
more expensive. On the other hand, in the case of contact-less sensing, only the cuvette carrying
the MUT needs to be replaced, which is significantly more cost effective. Another advantage of
having the MUT 1n a cuvette, and performing the material characterization in contact-less fashion
is that the user requires minimum special expertise to perform the experiment as the sensing unit
remains the same in all measurement trials, and only the cuvette and the MUT need to be changed.
Moreover, in some cases, the material could be hazardous, i.e. acidic liquids, or it might leak to
some other parts of the sensor circuitry, and therefore it damages the entire system electronics. As
a result, contact-less sensing has attracted attention over the recent years.

Free-space techniques are commonly used for contact-less measurement of dielectric proper-

ties of materials [15, 16, 17, 18]. These techniques are mainly based on using two antennas placed

*©2017, 2018, 2019 IEEE. Parts of this chapter are reprinted with permission from:
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65, no. 12, pp. 5334-5344, Dec. 2017, doi: 10.1109/TMTT.2017.2768032.
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in the far-field and faced in each other with the MUT in the middle. Horn antennas are most com-
monly utilized for this purpose [15]. In [16], two microstrip quasi-horn antennas are utilized for
UWRB sub-surface sensing suitable for ground penetrating radar applications. The far-field tech-
niques can also be implemented with a single antenna, and based on measuring the reflection back
from the MUT [19]. In all these contact-less sensing approaches performed at microwave range,
the antennas’ dimensions, the required volume of the sample MUT, and the overall setup sizes
are significantly large. Therefore, such systems are unable to characterize liquid materials with
small volumes within few mm? range. In order to achieve a more compact contact-less setup size,
with relatively lower volume of the MUT, free-space techniques are applied at millimeter-wave
(mm-wave) range [18, 17]. Despite their smaller setup size, such systems are unable to character-
ize the materials at microwave frequencies and many materials, i.e. biomaterials [20], are solely
responsive at microwave range. As a result, a miniaturized UWB contact-less sensing system with
the fast time-domain measurement procedure performing at microwave range seems demanding.
In order to achieve contact-less broad-band microwave sensing suitable for time-domain material
characterization with a compact setup size, and relatively low volume of the sample, near-field

sensing is proposed as a solution.
2.1.1 Combination of Time-Domain and Frequency-Domain Techniques

In this section, a contact-less broadband dielectric spectroscopy system with a combined frequency-

domain/time-domain technique for 3—10 GHz frequency range is presented.
2.1.1.1 Introduction

The broadband dielectric spectroscopy (BDS), with its label-free nature, is a powerful tech-
nique for unique characterization of materials under test MUT. Therefore, it has been em-ployed
for a wide variety of applications such as chemical/biological sensing, disease diagnosis, and food
safety [21].

Existing microwave BDS techniques are performed in either FD or TD. FD spectroscopy can

achieve high detection resolution, but distinct calibra-tion at each single frequency is necessary



which makes this technique time consuming [22]. On the other hand, TD spectroscopy is fast
and provides information in a wide frequency span with single measurement, and achieves high
signal to noise ratio by averaging the many scans taken for a given sample [13]. However, both
TD and FD systems require expen-sive bulky sources and high speed signal analyzers. To address
this issue, several miniaturized FD spectroscopy systems have been reported at microwave range
[21, 23]. In these systems, the fluidic carrying the MUT is in direct contact with the sens-ing
element making its replacement a challenge. On the other hand, reported TD contact-less sensing
units are either large at microwave range [16] or designed for mm-wave applications to have a
compact setup [17]. However, many materials have responsive dielectric behavior to microwave
excitation and do not show dispersive properties at mm-wave range.

In this section, a contact-less 3-10 GHz BDS system is pro-posed based on a combined FD/TD
technique. It is imple-mented by generating a 450 MHz bandwidth baseband pulse and then up-
converting it to only 9 number of microwave sub-bands within 3-10 GHz frequency range one at a
time, passing each upconvereted pulse through MUT and detecting the output signal using a UWB
receiver. This approach addresses the time-consuming nature of all FD measurements by taking
advantage of TD measurement properties. Also, to realize a miniaturized contact-less sensor at
microwave frequencies, two UWB Vivaldi antennas are coupled in their radiative near-field with
MUT placed in the middle, to achieve a compact-size and a flat group delay and proper impedance

matching over 3-10 GHz.
2.1.1.2  System Design and Implementation

2.1.1.2.1 System Analysis

The block diagram of the proposed contactless UWB spectroscopy system is shown in Fig.
2.1. This system consists of a contactless sensing unit, a UWB direct-conversion transmitter, and
a UWB low-IF receiver. The changes in phase and magnitude of a signal passing through the
sensing unit are related to ¢’ and €¢” properties of the MUT. The effects of sensing unit, transmitter,
and receiver on the transmitted signal will be cancelled out by subtracting the output of the system

from a reference test (container filled with air, without any MUT); thus, the proposed system
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Figure 2.1: Block diagram of the proposed contact-less dielectric spectroscopy system. Reprinted
with permission from [2].

reflects only the properties of MUTs.

The direct-conversion UWB transmitter including upcon-verter (mixer and local oscillator) and
amplifier, is compact, has flat gain and group delay in the frequency range of 3-10 GHz. It is op-
timal to send only one UWB signal in the span of 3- 10 GHz to measure the dielectric properties
of MUT with a single test; however, the sampling constraints of available digital-to-analog con-
verter (1250 MSps) generating the baseband UWB signal, limits the transmitted signal bandwidth.
Therefore, the transmitter generates a 450 MHz baseband signal and upconverts it to nine sub fre-
quency bands within the frequency range of 3-10 GHz (combined FD/TD approach). To overcome
the flicker noise effect at the receiver and avoid self-corruption of the asymmetric received signal
due to material dispersion, low-IF receiver (f; = 500 MHz) architecture consisting of a UWB am-
plifier and downconverter is targeted. To achieve the minimum number of measurements with an
efficient frequency planning, the local oscillator in the transmitter (LOrx) generates frequencies
of3.4,4.2,5,5.8,6.6,7.4, 82,9, and 9.8 GHz, while the receiver one (LOgx) produces frequen-
cies of f7,0 7x-500 MHz. Furthermore, LO amplitudes are large enough (+18 dBm for LO7x and

+10 dBm for LOgx) to provide flat conversion gain and abrupt switching. Besides, isolations of
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Figure 2.2: Generation of a flat frequency spectrum pulse by adding five Gauss-ian pulses (a)
magnitude, (b) phase. Reprinted with permission from [2].

the up/down converters are high enough (about 30 dB) to eliminate the effects of LO-IF/ LO-RF
leakages.

Gaussian pulse and its derivatives are generally used in UWB applications [24]. However, such
pulses alone are not suitable for the proposed UWB system, since to detect the effect of the MUT on
the magnitude of the input signal, a test signal with flat frequency spectrum all over the bandwidth
is required. To generate such a signal, five Gaussian signals with 125 MHz 3-dB bandwidth at
center frequencies of 0, 100, 200, 300 and 400 MHz are added. The amplitude and phase of the
generated UWB pulse, captured by infinilum DSA91304A oscilloscope, are shown in Fig. 2.2.
Comparing with a single Gaussian pulse, the phase of the new flat frequency spectrum signal
shown in Fig. 2.2 (b) changes faster with frequency, which does not affect the phase detection
accuracy while it has a flat amplitude response improving amplitude detection accuracy, or €”, of
MUT. The group delays of the sensing unit and all the transmitter/receiver blocks need to have very
small variations; therefore, the phase of the output signal only represents the dispersive properties,

or €, of MUT.

2.1.1.2.2 Contact-less Sensor

In order to achieve a contact-less UWB microwave sensor with a reasonably compact mea-
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in mm as well). Reprinted with permission from [2].

surement setup, time-domain near-field sensing is proposed. Fig. 2.3 (a) shows the conceptual
setup of the proposed near-field solution. Two antennas are coupled to each other in their radiative
near-field regions with the MUT placed in the middle. The whole setup is placed in a box with
absorbing walls in order to minimize the reflections from the surrounding environment. Since the
two antennas are not in the reactive near-field regions of each other, they have minimum effect
on each others return loss characteristics. Each MUT perturbs the electromagnetic field around
the two coupled an-tennas based on its dielectric properties, which can be detected and used for
material characterization. The broad-band sensing element needs to be non-dispersive to be able
to detect the dispersive properties of solely the MUT. Otherwise, any dispersion caused from the
sensor itself results in distortion in the received signal, and makes post processing and calibration
more cumbersome. As a result, two printed UWB Vivaldi antennas are utilized based on the struc-
ture first proposed in [3], due to their broad bandwidth, low cross polarization, and constant group
delay. Fig. 2.3 (b) shows the top view of the utilized printed UWB Vivaldi antenna with both inner
and outer edges tapered. Fig. 2.4 (a), and (b) show the simulated and measured S11 response of the
antenna, and the simulated group delay over the interested frequency band, respectively. As can be

seen, the antenna provides UWB operation with nearly constant group delay in each sub-band.
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Figure 2.5: Photograph of the fabricated contactless UWB spectroscopy system. Reprinted with
permission from [2].

2.1.1.3 Fabrication and Measurements

The contactless UWB dielectric spectroscopy system setup is shown in Fig. 2.5 The absorb-
ing box around antennas was taken out for clarification. The transmitter and receiver are fabri-
cated using Rogers 4350B substrate with epsilon’ = 3.66 and thickness of 0.338 mm, and both
printed Vivaldi antennas are fabricated using standard FR4 substrate with ¢ = 4.4 and thickness

of 0.8 mm. The transmitter includes HMC787ALCB mixer and HMC772LC4 amplifier where the

10
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Figure 2.6: Measured received signal in time-domain, sub-band with 6.6 GHz center frequency.
Reprinted with permission from [2].

E8267D PSG Vector Signal Generator is used as oscillator. The receiver uses the same amplifier
and HMC1048LC3B mixer for downconversion. The radius of MUT cylindrical container depends
on the pulse duration to prevent multiple reflections which distort the main transmitted pulse. In
this work, a standard tube pipet (made from polypropylene with a diameter of 17 mm) is used as
the liquid container between the two antennas.

The input signal with flat amplitude and linear phase prop-erties in frequency domain is ap-
plied using the N8241 arbitrary waveform generator. Fig. 2.6 shows the received signal in TD
(upconverted to 6.6 GHz and downconverted with 6.1 GHz LO frequency). For different MUTs,
distinct amplitudes and delays are observed. Fig. 2.7 (a), and 2.7 (b) show the measured ampli-
tude and phase differences between air and three different MUTs (Xylene ,Ethanol, and Methanol).
The measurement is repeated multiple times, and the results are averaged to consider any possible
deviation between various trials. The measurement results are in good agreement with the direct
measurements of vector network analyzer (VNA). Hence, the proposed system is able to charac-
terize liquid MUTs over the entire UWB frequency band. The higher attenuation of are comapred
with Xylene can be related to the shape of the tube container. In order to detect unknown liquids,

a post-processing calibration procedure is required.
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Reprinted with permission from [2].

2.1.1.4 Conclusion

A miniaturized contact-less UWB spectroscopy system is proposed. The system functionality
is based on applying a combined FD/TD technique and using two near-field-coupled UWB anten-
nas as sensing elements. As a result, various chem-icals were characterized successfully within

3-10 GHz band.
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2.1.2 Pure Time-Domain Technique

A miniaturized time-domain dielectric spectroscopy system for contactless material characteri-
zation over the UWB microwave range is presented in this section. The proposed system includes a
pulse generator, a transmitter, a compact contact-less sensing unit, and a receiver. The picosecond
pulse generator unit delivers a quasi-monocycle pulse with 3.5GHz 10-dB bandwidth to the trans-
mitter unit. The generated pulse provides the capability to perform the material characterization
in a fast pure time-domain method. The transmitter unit provides the 3—10GHz excitation pulse
based on utilizing a direct up-conversion architecture. The excitation pulse is transmitted to the
receiver through the sensing unit. Two Vivaldi antennas are coupled to each other in their radiative
near-field to construct the sensing unit, while the MUT is placed in between. A custom-designed
Quartz-Glass cuvette is utilized with optimized MUT volume of ~5 mL.

The details of contact-less sensor and pulse generation are given in next sections.
2.1.2.1 Contact-less Sensor

Fig. 2.8 (a) shows the conceptual setup of the proposed near-field solution. Two antennas are
coupled in their near-field region while the MUT is placed in between. The setup is surrounded
with absorbing materials (ECCOSORB AN) to provide an anechoic environment [19]. The near-
field region of each antenna has two sub-regions; reactive, and radiative (Fresnel) regions. The
former is in the immediate vicinity of the antenna, where the reactive fields predominate. In this
case, the electric and magnetic fields are not necessarily in phase to each other, and the angular field
distribution is highly dependent on the distance and direction away from the antenna. However,
in the latter case the radiating fields predominate, and electric and magnetic fields are in phase.
The angular field distribution in the Fresnel region still is highly dependent upon the distance from
the antenna. In the proposed setup shown in Fig. 2.8 (a), the distance between the two antennas
(d) needs to be adjusted accurately, so that the two antennas are coupled to each other in their
Fresnel regions, and therefore, have minimum effect on each other’s return loss characteristics. As

a result, the overall size of the setup depends on the targeted frequency range, antenna size, and

13



its Fresnel region distance, which determines the value for d. Due to the complex electromagnetic
field distribution in the Fresnel region full-wave simulations are required to finalize the overall
dimensions of the setup adequately. The Fresnel region is commonly defined as follows [25]:

D3 2D?

0.62 14/ — R — 2.1
v << 2.1)

where, D is the largest dimension of the antenna, and ) is the operating wavelength. The separa-
tion of regions is also shown in Fig. 2.8 (b). Each MUT perturbs the near-field electromagnetic
fields around the two coupled antennas based on its specific dielectric properties, which will be
translated into phase and amplitude variations of S, and could be used for material detection and
characterization.

The antenna type for the setup shown in Fig. 2.8 (a) requires to satisfy two main criteria. First,
the system design is based on covering the complete 3-10 GHz UWB frequency range. Therefore,
impedance matching within this band is needed for the sensing antennas. Second, the antenna
element needs to be non-dispersive in order to be able to detect the dispersive properties of solely
the MUT. Otherwise, any dispersion caused from the sensor itself results in error in reading, and
makes post processing and calibration even more cumbersome. As a result, the sensing antenna
has to provide UWB operation with relatively constant group-delay over the entire band. In this
setting, the Vivaldi antenna is one of the best candidates due to its broad bandwidth, low cross-
polarization, and constant group delay. Fig. 2.9 (a) shows the utilized printed UWB Vivaldi
antenna first proposed in [3]. The antenna excitation, on the back side of the substrate, is a stepped
microstrip line in order to cover the UWB frequency range. Both the inner and outer edges of
the top metal patches are tapered to achieve the optimized group delay and impedance matching
performance as discussed in [3].

The antenna is fabricated on FR-4 substrate with a dielectric constant of 4.4, and a thickness
of 0.8 mm. Fig. 2.9 (b) shows the fabricated prototype using common single-layer printed circuit

board (PCB) technology. Fig. 2.10 (a) shows the simulated and measured return losses of the
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Figure 2.8: (a) conceptual contact-less sensor setup, (b) field regions of the antenna. Reprinted
with permission from [1].
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Figure 2.9: (a) printed UWB antenna used for contact-less sensing, and (b) the top view of the
fabricated antenna prototype. The parameter values are: W =41 mm, Wy = 32.5 mm, W, =42.7
mm, L; =17.1 mm, L, =8 mm, Ry =3.5 mm, Ry =2.85 mm. Reprinted with permission from

[1].

designed Vivaldi antenna, which covers the interested bandwidth of 3-10 GHz. In order to extract
the group delay of the utilized Vivaldi antenna in the proposed setup, first the distance between the
two antennas (d) needs to be determined according to (2.1). The largest dimension of the utilized
antenna is D = 51.4 mm, and the wavelength of the interested frequency range covers 3-10 cm.
According to (2.1), and performing fine tuning simulations using Ansys High Frequency Structure
Simulator (HFSS), the distance between the two antennas is chosen, 2d = 60 mm, in order to couple
the two antennas in their Fresnel regions while the mutual coupling and the MUT have negligible
effects on the return loss characteristics of the two antennas. In this setting, the simulated and

measured group delay is extracted and shown in Fig. 2.10 (b). The slight differences between the
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Figure 2.10: (a) Simulated and measured return loss characteristics of the utilized UWB Vivaldi

antenna, and (b) simulated and measured group delay of the setup when the distance between the
two antennas is 2d = 60 mm. Reprinted with permission from [1].

simulation and measurement is due to the tolerances between the SMA connector model in HFSS,
and the actual SMA connector used in measurement. In order to better show that the two near-field
coupled antennas remain matched to 50 €2 regardless of the MUT in between, the simulated S,
response is plotted in Fig. 2.11 when different MUTs are placed in middle. Debye-based relaxation
models of MUTs are imported into HFSS in order to take into account the frequency dependence of
the dielectric constants in full-wave simulations [23]. As can be seen, the antenna element shows
return losses better than 10 dB over the entire bandwidth for all the materials with a broad range
of dielectric constants (2.45 < € < 42 for xylene at 10 GHz as the minimum and dmso at 3 GHz
as the maximum, and 0.045 < €’ < 20 for xylene at 3 GHz as the minimum and dmso at 8.5 GHz
as the maximum).

Another important factor in the proposed contact-less setup is the cuvette used to place the
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Figure 2.11: Simulated S11 of the setup when different MUTs are placed in between, and the
distance between the two antennas is 2d = 60 mm. Reprinted with permission from [1].

liquid MUT in between the two antennas. Since the proposed setup is based on sensing in the
Fresnel region in a controlled environment, the shape, dimensions, and the material of the cuvette
also require to be designed and set for all the measurement trials. At the same time, the cuvette
needs to be low-cost in order to make inexpensive repeating of the measurement for various MUTs
feasible. In [26], a standard tube pipet (made from polypropylene with a diameter of 17 mm) is
utilized as the liquid cuvette between the two antennas. Using this cuvette, roughly 15 mL of
the sample is required. Moreover, this cuvette has a cylindrical shape, which is not optimized for
having minimum diffraction from the edges of the cuvette due to discontinuity in the dielectric
constant. However, the required volume of the sample can be reduced, and the accuracy of the
sensor improves if the shape and dimensions of the cuvette are custom designed. In order to better
show the importance of the cuvette shape, and dimensions, the E-field distribution is plotted in
between the two antennas, and where the MUT is placed, and shown in Fig. 2.12 at different
frequencies. As can be seen, the cuvette requires to cover the area where the E-field distribution
is concentrated. Otherwise, considerable amount of energy will be diffracted from the edges of
the MUT and cuvette, which reduces the accuracy of the sensor specially for MUTs with large
dielectric constants, such as dmso (¢/ =42 at 3 GHz).

Fig. 2.13 shows the cuvette used in the proposed work. This cuvette is made of Quartz glass

with a dielectric constant of 3.78 and a loss tangent of below 0.0004, which is roughly independent
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Figure 2.12: (a) The two near-field coupled antennas faced each other, and the E-field distribution
is shown in middle and at the position of MUT at f = 3 GHz, and (b) the E-field distribution in a
plane in between the two antennas where the MUT is located at different frequencies. The design
values are: Wiy = hpypr =51 mm, and d = 30 mm. Reprinted with permission from [1].

Figure 2.13: The cuvette used to place the liquid MUT in between the two antennas is made of
Quartz glass with a volume of ~5 mL. Reprinted with permission from [1].

of the frequency over the desired UWB range. The width and height of the cuvette are chosen to

cover the main concentration of the E-field distribution in the middle plane, as was shown in Fig.
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Figure 2.14: The E-field distribution on the edges of the MUT cuvette at 3 GHz, when (a) L1
=8.5mm >\/10 at 10 GHz, and (b) Ly;y7 =2 mm <\/10 at 10 GHz. Reprinted with permission
from [1].

2.12(b) at different frequencies. As a result, Wy, and hypr are both chosen 51 mm. On the
other hand, the length of the cuvette, L7, needs to be lower than A\/10 at the upper limit (10
GHz) in order to avoid multiple reflection, and electromagnetic bouncing inside the MUT. A lower
length for the cuvette also reduces the required volume of the MUT. Moreover, an Ly, smaller
than \/10 at 10 GHz results in negligible diffraction from the edges of the MUT, while having a
larger L,y can result in significant electromagnetic diffraction from the edges. This is better
shown in Fig. 2.14, where the E-field distribution is plotted on the edges of the cuvette at 3 GHz
for two different values of L;yr. As can be seen, when the length is as large as 8.5 mm, which is
~ 0.28\ at 10 GHz, there are E-field maximums on each edge of the cuvette, while reducing the
length to 2 mm (~ 0.06 at 10 GHz) would result in negligible E-field concentration on the edges.
As a result, the length of the cuvette, L7, is chosen to be 2 mm <\/10 at 10 GHz, in order to
(1) reduce the required volume of the sample liquid MUT, (2) avoid Electromagnetic bouncing and
multiple reflection issues, and (3) significantly reduce the diffraction from the edges of the cuvette.
In this case, the required volume is ~ 5 mL, which is ~ 67% less than the cylindrical tube used in

[26].
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2.1.2.2 Pulse Generation

The step recovery diode (SRD) has various useful applications such as wave-shaping, harmonic
generation, division, switching, sampling, and up-conversion [27]. In this section, the development
of a picosecond pulse generator for UWB application is presented.

Most of low-power picosecond pulse generators use SRDs for generation of Gaussian or mono-
cycle pulses [28]. SRD stores charge when it is forward biased, but when the biasing changes from
forward to reverse bias state, unlike a normal diode, the SRD will not immediately turn off. In-
stead, it continues to have a low impedance until its stored charge is depleted in a time duration
of 7. T is the effective life time of minority carriers that have been injected across the junction
during forward bias condition. After this time, the SRD impedance will suddenly increase to its
normal high reverse impedance in a very short transition time, 7;, essentially stopping the reverse
current of SRD. This short transition is applicable in generating small duration pulses.

Fig. 2.15 shows the circuit schematic of the pulse generator. This pulse generator is composed
of an SRD, a short-circuited shunt stub with length of L 4, a series Schottky diode, and an attenua-
tor, 75, added externally after fabrication. Lack of any biasing network makes this design simple
and power efficient, and it eliminates DC blocking capacitors. The attenuator Rg is used to im-
prove input impedance matching. However, because SRD impedance is voltage- and frequency-
dependent [29], the signal reflection between SRD and Schottky diode is unavoidable, although it
can be reduced by choosing the proper length, L 4. An external 5 Vp-p square-wave input with 5
ns rise time, turns the SRD ON and OFF periodically. The rise time of the clock should be less
than minority carrier lifetime, 75, in order to obtain maximum achievable pulse amplitude [28].
In this design, an SRD is selected for 7, = 50 ps and 7z = 20 ns. Before the SRD turns OFF, an
abrupt transition in its output voltage occurs which is used in generating the desired sharp pulse.
The step-like output of SRD propagates through the main line as well as the stub. The wave in
the stub is inverted, and it returns to the main line with a specific delay proportional to L 4. The
delayed inverted signal is combined with the incident wave at the output of SRD and forms a sharp

pulse. The shape and duration of the resulted signal is related to L 4, which determines the propa-
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Figure 2.16: Photograph of pulse generator circuit. Reprinted with permission from [1].
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Figure 2.17: Simulated and measured output of pulse generator in TD. Reprinted with permission
from [1].

gation delay of the signal through the stub. To reduce ringing, a series Schottky diode acting as a
half-wave rectifier is used.

The pulse generator is realized using microstrip lines on Rogers 4350B substrate with €, = 3.66,
tan d = 0.0031, and thickness of 0.338 mm. The SRD used is MMD835-H20 from Aeroflex and
has a nominal lifetime of 20 ns and transition time of 50 psec. The Schottky diode is CDBUO130L
from Micrometrics Inc with forward voltage equal to 0.35 V. The photograph of the fabricated

circuit is shown in Fig. 2.16.
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Figure 2.18: Measured output pulse in FD, (a) Magnitude, (b) Phase. Reprinted with permission
from [1].
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Figure 2.19: Contactless TD dielectric spectroscopy system. Reprinted with permission from [1].

The measured waveform and simulation results from ADS using SRD model introduced in
[30], are shown in Fig. 2.17. This waveform can be called quasi-monocycle waveform; although
a larger length of short-circuited stub can produce a Gaussian pulse, it was preferred to use this
pulse for two reasons: (i) to achieve a shorter pulse duration and enhance the bandwidth compared
with the Gaussian pulse; (ii) to have a larger magnitude at low frequencies, unlike the monocycle
pulse. The FD representation of pulse is shown in Fig. 2.18. As can be seen, the 10-dB bandwidth
of 3.5 GHz is obtained. Accordingly, this signal would be suitable to cover 7 GHz of UWB after

up-conversion by a 6.5 GHz LO frequency.
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2.1.2.3 System Design

The block diagram of the proposed contact-less UWB system for TD spectroscopy is shown in
Fig. 2.19. This system is composed of a contact-less sensing unit, a UWB transmitter, and a high
speed oscilloscope as a receiver. In the contact-less sensing unit, a removable fluidic cuvette carry-
ing the MUT is located between two near-field coupled UWB Vivaldi antennas, as was discussed
in section II. The transmitter includes a waveform generator, as presented in section III, a mixer
and a local oscillator for up-conversion, and a UWB amplifier. The waveform generator produces
a 3.5 GHz baseband quasi-monocycle signal. With a UWB up-converter, this baseband signal is
up-converted by f,, = 6.5 GHz. As aresult, a bandpass signal from 3 GHz to 10 GHz is generated.
The UWB amplifier amplifies the signal and partially compensates for the mixer loss and sensing
unit attenuation. Consequently, the sensing unit is excited by only a single UWB signal using a
purely TD method. Ultimately, the output signal after sensor is measured and recorded by a high
speed oscilloscope in TD. The phase and magnitude of the measured signal in FD are calculated
with FFT method. On one hand, the mixer, amplifier and sensor alter the phase and magnitude
of the signal as well, but on the other hand, in testing different MUTSs in the system, all of these
components except MUT show common effects on the signal in each test. To eliminate the com-
mon effects of other components, the system output signal with air as the MUT is captured as the
reference output. Afterwards, the phase and magnitude of the reference output are subtracted from
the phase and magnitude of the output when testing other MUTs. The calculated phase difference
and magnitude difference are called A¢ and AMag respectively, and they only contain MUT in-
formation. The proposed spectroscopy system is designed to achieve the maximum SNR at the

receiver input. The link design equation can be written as

SNRmzn = 1%n,BB — Lizer + Gamp‘
(2.2)

- Lsensor,max - Pnoisea

where SN R,,;, is the minimum SNR related to the test of MUT with the highest attenuation,
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Figure 2.20: Photograph of fabricated UWB up-converter and amplifier. Reprinted with permission
from [1].

Py, B 1s the power of the baseband signal at the output of pulse generator which has the mini-
mum of -31 dBm, L,,;., is conversion loss of mixer, G, is gain of amplifier, Lgepsormaz 18 the
maximum loss of the sensing unit which is 26 dB for the MUT with the highest loss studied in
this work (dmso), P,.;se 1S the total noise power at the input of the receiver (oscilloscope) equal
to -75 dBm for 7 GHz bandwidth (-174 + 10 log(7 x 10%) = -75 dBm). Considering the available
commercial off-the-shelf components for the amplifier and the mixer, the link budget is designed
for Lyizer =9 dB and G,y = 16 dB. As a result, according to equation 2.2, the SN R,,;,, is 25
dB. HMC787ALCB mixer and HMC772LC4 amplifier both from Analog Devices are utilized in
the transmitter.

The up-converter and amplifier are fabricated in a separate board on Rogers 4350B substrate
with €, = 3.66, tan 6 = 0.0031, and a thickness of 0.338 mm. The prototype of the whole transmitter
is shown in Fig. 2.20. The measured output of transmitter excited by the baseband pulse generator
is shown in Fig. 2.21. The signal phase and magnitude information from 3 GHz to 10 GHz is used
in MUT characterization. Although the 10-dB bandwidth extends from 3.32 GHz to 9.26 GHz, the
link design considerations allows for accurate measurement from 3- 3.32 GHz and 9.26- 10 GHz

in the receiver, where the amplitude drops by a maximum of 10 dB.
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Figure 2.21: Measurement results of pulse generator and transmitter outputs at both baseband and
RF, (a) TD signal, (b) Magnitude of FFT of the output signal, (c) Phase of FFT of the output signal.
Reprinted with permission from [1].

2.1.2.4  System Implementation and Experimental Results

The fabricated setup is shown in Fig. 2.22. The time-domain data is captured for each MUT
using DSA91304A infiniium oscilloscope as the receiver as shown in Fig. 2.23, and finally the
fast Fourier transform of the measured data is extracted in MATLAB (Fig. 2.24). A calibration
procedure is used to achieve a behavioral model of the system using seven calibration MUTs.
The general form of curve-fitting equations for € ~A¢ and ¢’-AMag are given by (2.3) and (2.4),

respectively:

¢ = Pu(Ad)* + Ppa(Ag)® + Ppa(Ag)° (2.3)
+ Ppu(A¢) + Pps, |
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Figure 2.22: Fabricated setup of the proposed contactless UWB spectroscopy system. Reprinted
with permission from [1].

¢ = Pni(AMag)® + Ppa(AMag)* + Ps(AMag)?
2.4)
+ Pm4(AMCLg)2 + Pm5<AMClg> + Pm6-

The curve-fitting coefficients in each polynomial are shown versus frequency in Fig. 2.25.
As can be seen, the polynomial coefficients are functions of frequency. From there, the ¢’ and
€¢” characterization of three unknown MUTs are carried out as shown in Fig. 2.26. The system
shows the worst-case mean-squared error (MSE) of 1.92% for ¢’ and 3.84% for ¢” characterization.

Furthermore, binary mixture detection based on ¢’ accomplished with the MSE of 2.74% as shown
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Figure 2.23: Measurement output signal in time-domain for different calibration MUTs. Reprinted
with permission from [1].

in Fig. 2.27.
2.1.2.5 Discussion

Table 2.1 compares the proposed contact-less TD dielectric spectroscopy system with the pre-
viously reported works in literature. As can be seen, although the operation frequency of the
proposed setup is lower than [15, 17, 18], the setup and MUT sizes are significantly smaller. This
allows the proposed method to be utilized for low-volume liquid sensing applications, while all
other works have been tested with bulky solid materials. Moreover, [16] provides a tunable UWB
sensor with significantly bulky and large antennas for ground penetrating (sub-surface) radar appli-
cations. This work utilizes a combination of FD and TD to cover different bands in the UWB range.
However, the proposed system in this work provides complete UWB coverage in one measurement

trial.
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Figure 2.24: Measurement results of the proposed system and VNA, (a) A¢ and (b) AMag.
Reprinted with permission from [1].

2.1.2.6 Conclusion

A compact contact-less UWB microwave system for TD liquid material characterization is
proposed in this paper. First, an in-depth study of the near-field contact-less sensing of liquid
MUTs is discussed. The MUT, in a custom-designed cuvette, is placed in between two Vivaldi
antennas that are coupled to each other in their Fresnel region. The design and implementation of
the pulse generator unit is presented afterwards. Then, the transmitter unit including a direct up-
conversion architecture is proposed to provide an excitation pulse of 3- 10 GHz 10-dB bandwidth
to pass through the sensing unit. The pulse is ultimately received using DSA91304A infiniium
oscilloscope, and the effect of each MUT is captured by extracting the FFT of the received pulses
for each MUT in MATLAB. From the results, a calibration procedure is evaluated to achieve a
behavioral model of the system according to seven known calibration MUTs. Thereafter, three
unknown MUTS are characterized successfully with the worst-case MSE of 1.92% in ¢’ and 3.84%

in €’ over the entire UWB range. Finally, the binary mixtures of ethanol and methanol are detected
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Figure 2.25: Coefficients at curve-fitting of (a) € ~A¢ with 4th order polynomial and (b) €’"-AMag
with 5th order polynomial versus frequency. Reprinted with permission from [1].

according to ¢’ with the total MSE of 2.47%.

29



2~ T T T T 14 —
20} acetone 12t Theory ————- |
18} Measured
LOf
167 Theory ———— - ~ _
w 14} Measured w8t ethanediol
12f 6t
10} ethanediol
4 -
8 -
6 _EEh_¥I acetate 2
4 PP IR N N A RS EN N A B A A B o
3 4 5 6 7 8 9 10 383 4 5 6 7 8 9 10
Frequency (GHz) Frequency (GHz)
(@ (b)

Figure 2.26: Comparison of measured and theoretical ¢ and €’ for three unknown MUTs.
Reprinted with permission from [1].
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Figure 2.27: Measurement and theoretical ¢’ of ethanol and methanol mixtures in UWB. The
mixing ratio K=0,10,...,90,100% is increased from top to bottom. Reprinted with permission from

[1].
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2.2 Time-Domain Dielectric Spectroscopy Using Contact-Based UWB System

Time-Domain dielectric spectroscopy is a fast, simultaneous, and highly accurate measure-
ment technique for unique detection and characterization of MUTSs over broad frequency ranges.
Therefore, it has been widely employed to identify MUTSs in medical, biological, and agricultural
applications.

Existing contact-based TDS systems in microwave range typically use bulky open-ended coax-
ial probes as their sensors. In these systems, a large volume of MUT is required to provide fairly
accurate measurements. Errors may arise because of significant density variations and creation of
air bubbles at the end of probes. Moreover, due to the propagation of higher order modes and radi-
ation effects at high frequencies, there are approximations associated with the electrical model of
the probe. To the best of the author’s knowledge, there has not been any miniaturized contact-based
TDS system using small volume of MUTs compared with reported miniaturized frequency-domain
spectroscopy systems.

The implementation of a contact-based dielectric spectroscopy system and its extended version

are presented in this section.
2.2.1 Contacted-Based system for phase measurements

In this section, a miniaturized time-domain dielectric spectroscopy system in 3- 10 GHz range
is presented. The proposed system consists of a UWB transmitter, a sensor, and a high speed
oscilloscope as receiver. In the UWB transmitter, a wave-shaping circuit with an SRD and a short-
circuited stub generates the baseband UWB signal, a mixer and an amplifier upconvert and amplify
the baseband UWB signal and apply it to the sensor in 3- 10 GHz range. The sensor is constructed
using a periodic structure of 8 downsized cells while the MUT is inside a container located on top

of the sensor.
2.2.1.1 System Design and Implementation

In this section, the design and implementation of contact-based sensor and a brief theory of

UWB pulse generation are presented.
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2.2.1.1.1 Contact-Based Sensor

The proposed miniaturized sensor is shown in Fig. 2.28 (a). In this sensor, the MUT is inside
a container placed on top of a periodic structure consisting of 8 cells. When the sensor is exposed
to the MUT, the electric field inside MUT will change with respect to the complex permittivity of
the MUT, €* = ¢ — j€”, and it will cause the change in phase and magnitude of the signal passing
through the sensor. Since the phase and magnitude of the signals are measurable quantities, the
complex permittivity of MUTs can be inferred from the phase and magnitude measurements at
the sensor output. As shown in Fig. 2.28 (b) and 2.28 (c), each cell is composed of an open
circuited microstrip line between two meander inductors. Each cell causes the same amount of
phase shift on the incoming signal, hence the entire structure will generate a total phase shift 8
times larger than the phase shift from a single cell increasing the sensitivity. The equivalent circuit
of the cell is shown in Fig. 2.28 (d), where L is the inductance of meander line, C is the fringing
capacitance between meander lines, and C’ is the fringing capacitance at the end of open stub. By
adding the MUT on top of the entire cell (meander inductors and microstrip line), the effective
Zsn = Zsno + AZgp(€,€") and also Cs = Cyg + AC,(€', €”) will change resulting in phase and
magnitude variation of the unit cell and as a result the entire sensor. Covering the entire cell with
MUT results in significant phase variation, as will be shown later. The liquid container has a bottom
wall avoiding direct contact of MUT with the sensor. This results in wider bandwidth for sensor
(the values of L and Z, can be properly adjusted) and also preventing the sensor metallization
from degradation[31].

The sensor is optimized using Sonnet EM simulator for MUTs air, butanol, ethanol, methanol,
dmso, and water from 3 to 10 GHz. Fig. 2.29 (a) shows that the sensor exhibits matching better
than -9 dB for all of the MUTs in UWB frequency range. According to Fig. 2.29(b), the phase
difference between MUT and air (A¢) for different MUTs is at least 13 degrees at the frequency of
3 GHz. The 13 degrees phase shift results from the cascade of 8 cells. The smaller number of cells

will not generate enough A¢ for accurate measurement especially at lower frequencies while the
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Figure 2.28: The miniaturized sensor with a total area of 3.7 x 15.4 mm? (a) 3-D view of the
entire sensor consisting of 8 cells, (b) Top view of a single cell, (c) A-A’ cross-sectional side view
of a single cell, (d) simplified equivalent circuit. The drawings are not to scale. Reprinted with
permission from [4].

larger number of cells will increase the area of sensor. The magnitude difference (AMag) between
each MUT and air is not significant for this sensor (AMag < 0.9 dB). As can be seen from 2.29(b),
the monotonic behavior of A¢ follows the increase of € of applied MUTs [32]. Therefore, A¢ is

a strong function of €.

2.2.1.1.2 UWB Pulse Generator

Step Recovery Diode (SRD) has been widely used in pico-second pulse generators. There are
two important time durations in the reverse biased operation of the SRD: charge depletion time 75
and transition time 7;. During the forward biased state, the SRD stores charge due to the minority

carriers and its impedance is small. When the SRD excitation switches from forward to reverse
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Figure 2.29: Simulation results: (a) S11 for six MUTs, and (b) A¢.Reprinted with permission
from [4].
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Figure 2.30: The proposed TD miniaturized spectroscopy system diagram.Reprinted with permis-
sion from [4].

biased, it does not turn off immediately. Instead, it releases its charge during 7z. 7z equals to the
minority carrier lifetime. After the depletion of the minority carriers, the SRD stops the reverse
current conduction and its impedance will abruptly increase in the very short transition time of 7;.

This short transition is employed in pulse generation circuits.
2.2.1.2  Spectroscopy System Architecture

Fig. 2.30 shows the block diagram of the proposed contact-based miniaturized UWB system
for TD spectroscopy. This system is composed of a UWB transmitter, a sensor, and a high speed
oscilloscope receiver. As discussed in Section 2.2.1.1.1, the sensor consists of 8 sensing cells with

the MUT above this structure. The transmitter consists of a pulse generator (Section 2.2.1.1.2),
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Figure 2.31: Photograph of the fabricated UWB spectroscopy system. Reprinted with permission
from [4].

an upconverter containing a passive UWB mixer and a local oscillator (LO), and a UWB ampli-
fier. The 3.5 GHz baseband pulse generated from the wave-shaping circuit is upconverted by 6.5
GHz LO to achieve a 3-10 GHz passband signal suitable for UWB frequency range. Although
the signal is attenuated by the passive mixer, it is amplified with the amplifier and then passed
through the sensor. Finally, the output of the sensor is captured by high speed oscilloscope. The
phase information of the captured signal in frequency-domain is calculated by the FFT operation

in MATLAB.
2.2.1.3 Fabrication and Measurements

The fabricated contact-based UWB spectroscopy system is shown in Fig. 2.31. RO4003B with
¢’ =3.66 and tand = 0.0031 and the thickness of 0.338 mm is used as the substrate. The area of the
miniaturized sensor is 3.7 x 15.4 = 51.8 mm?, and the container is custom-made with vaccume
forming process using polyethylene teraphalate (PET) with ¢’ = 2.5 and the thickness of 0.25 mm.

The pulse generator consists of MMD835-H20 SRD (7z = 20 ns and 73 = 50 ps), the microstrip
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Figure 2.32: Measured output of the spectroscopy system in time-domain. Reprinted with permis-
sion from [4].

short circuited stub with L 4 = 4.5 mm, CDBUO130L Schottky diode, and GAT-6+ 6 dB attenuator.
HMC787A mixer upconverts the baseband pulse using an external LO provided by E8267D PSG
Vector Signal Generator, and it is amplified by HMC772LC4 amplifier. The input of the system is a
5 Vp-p square-wave with the frequency of 1 MHz and 5 ns rise time generated by 33250A function
generator and the output of the system is captured by DSA91304A infiniium oscilloscope.

The output of the system in TD is shown in Fig. 2.32. The sequential delay with the order of
air, butanol, ethanol, methanol, dmso and water is observed from Fig. 2.32. The FFT of the TD
results are calculated in MATLAB and Fig. 2.33 shows A¢ in FD which is in the same order as
simulation results in Fig. 2.33 (b). Fig. 2.34 shows the successful detection of acetone with 1.94%
error as an unknown MUT. Its € is calculated with the polynomials describing the ¢’-A¢ behavior

of the system [1].
2.2.1.4 Conclusion

A miniaturized contact-based UWB spectroscopy system was proposed in this section. A small

sensor exposed to an MUT is excited with a single UWB pulse in time domain. Then, the behavior
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Figure 2.34: Calibration results: butanol, ethanol, methanol, dmso, and water are reference MUTs
and acetone is an unknown MUT successfuly detected with polynomial behavioral model of the
system. Reprinted with permission from [4].

of the system is modeled from the phase response of the system for five different reference MUTs.

The € property of an unknown MUT was detected with an error less than 1.94%.
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2.2.2 Contacted-Based system for phase and magnitude measurements

This section presents a miniaturized contact-based system for dielectric spectroscopy using
time-domain technique in UWB frequency range. The system consists of a miniaturized UWB
transmitter, a planar sensor having direct contact with a liquid MUT, and a high speed oscilloscope
receiver.

In the transmitter, a baseband pulse with 3.5GHz bandwidth is generated from a square-wave
input signal by employing a step recovery diode and a short-circuited stub. Then, the baseband
pulse is upconverted by a UWB mixer with 6.5GHz LO frequency, creating a 3-to-10GHz passband
pulse. After being amplified, the passband pulse excites the miniaturized sensor including two
stages of microstrip open-circuited stub between meander inductors. This sensor has a small area,
requires only 0.3uL of liquid MUT for accurate sensing, and responds to both € and €’ properties.
The sensor output is captured by the oscilloscope in TD and then converted to FD by the FFT
operation.

The sensor and system design and implementation are presented in next subsections.
2.2.2.1 Contact-Based Sensor Design

2.2.2.1.1 Sensor Design Considerations Response of an MUT to an external electric field de-
pends on the relative permittivity of the MUT [33]. Therefore, when an MUT is placed on top of
a microstrip transmission line, the electric field over the signal trace will be affected by the MUT
[34], which is measured as a variation in phase and magnitude of the voltage signal. Fig. 2.35(a)
shows the layout of a microstrip open stub on RO4350B substrate with €'=3.66, tand=0.0031
and the thickness of 0.338mm, exposed to an MUT, which can be modeled as a microstrip line
loaded by fringing capacitance C'; and resistance R (Fig. 2.35 (b)). C; and R vary by changing
the MUT. With different MUTs, such as air, ethanol, methanol, and water (distilled water with
0.0002S/m bulk conductivity), the impedance Z,, seen at the beginning of the stub changes as
plotted in Fig. 2.36 simulated in Sonnet and accurately modeled by the equivalent circuit. C'y and

Ry are determined by equalizing Z, in Fig.2.35 (a) and Fig. 2.35 (b). Despite the sensor presented
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Figure 2.35: Microstrip open stub exposed to MUT (a) Layout, (b) Equivalent circuit model, (c)
Sensing cell made of the microstrip shunt stub with two series inductors. Reprinted with permis-
sion from [5].
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Figure 2.36: Impedance (Z,,) of shunt stub (a) Real[Zy,], (b) Imag[Zs). Z1, = Ry + 1/jwCy,
while Rf,air = 414, Of,aiT:3fF’ Rf,ethanol = 0.759, Of,ethanol:40ﬂ:’ Rf,methanol = 0.4Q,
Ctmethano=T2fF, R yater = 0.3€2, Cfpater=188fF. (Sonnet: solid lines, Circuit model: dashed
lines) Reprinted with permission from [5].

in [4], here the shunt stub is in direct contact with the MUT, hence, it senses variations in both €
and €’ of the MUT.

To detect the phase and magnitude variations of the open stub impedance (Z,;,) as phase and
magnitude variations of a transmitted signal, and develop a wide band sensing structure, the mi-
crostrip stub is located between two series inductors L as shown in Fig. 2.35(c). The combination
of shunt stub and inductors is considered as a sensing cell with two ports. The value of inductor in

cell should be designed to provide enough phase and magnitude sensitivity for detecting different
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MUTs and to meet matching condition. Having Z;,, the Z-parameters of the single cell will be:

Zy = Zypy = jwL + Z,, (2.5)

Zig = Loy = L. (2.6)

From these Z-parameters, the S-parameters, and then T-parameters of the single cell are calcu-
lated [35]. Because cascading multiple cells increases S5, phase variations, sensors with two and
three cells are created by multiplication of the T-matrix. Then, T-parameters are converted back to
S-parameters to study the effect of L on the behavior of two- and three-stage sensors. The sensi-
tivity of the sensors are measured based on Ap = ¢y — duir and AMag = Magyur — Magair
parameters, where ¢ and M ag are phase and magnitude (in dB) of Sy, respectively, and subscripts
indicate the name of MUT used in testing. To investigate the sensitivity of the sensor, minimum
A¢ and |AMag| values versus L over the frequency range of 3-10GHz are evaluated as shown in
Fig. 2.37(a), (b). According to Fig. 2.37(a), larger value of L enhances phase sensitivity, but in
terms of magnitude sensitivity, values of L larger than 1.4nH, will degrade min|AM ag| for water.
This is due to the creation of nulls in S1; response in the frequency band of interest, which max-
imizes the transmission coefficient, Sy;, showing small magnitude variations for different MUTs.
Similar phenomenon happens for ethanol and methanol, but at frequencies larger than 10GHz.
Another conclusion from Fig. 2.37 is that, increasing the number of stages from two to three will
improve phase sensitivity, but it will further limit the range of L. Consequently, the value of L is
decided to be in the range of 0.8nH to 1nH, and two cells are chosen which also suggests smaller
space for sensor and lower volume of MUT. With two cells, Adcinanor = 2-4°, Admethanor = 6.2°,
Adwater = 13°, and AM ageihanos = 0.2dB, AM agmethanor = 0.5dB, AMag,eter = 0.9dB are
the minimum values to be measured. For a sensor with only one cell, the minimum A¢ and AMag
values change in smaller ranges requiring a receiver with higher sensitivity for their detection.

Fig. 2.38 shows the designed inductor in Sonnet, its equivalent circuit model, and the effect
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Figure 2.37: Effect of the inductance L value on minimum of (a) A¢, (b) AMag over UWB
frequency range, considering 2 and 3 stages. (2 stages: solid lines, 3 stages: dotted lines) Reprinted
with permission from [5].
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Figure 2.38: Design of inductor (a) Layout in Sonnet, (b) Equivalent circuit, (c) Simulated
L, compared with the equivalent circuit model. L=0.805nH, Cj .;;=13fF, Cj cthana=20fF,
Csmethanot=26fF, Cs yyater=5TfF. (Sonnet: solid lines, Circuit model: dashed lines) Reprinted with
permission from [5].

of MUT on the value of inductor. The resultant inductance L, can be considered as a parallel
combination of constant L. and C; while the value of C; changes with MUT. L, is a frequency

dependent inductance which is related to L and C according to the following equation:

1
jwLy = (jwL)||(—=),
ijCs 2.7)
Lo = 1 —w?2LCy

which proves L, increases with the frequency as shown in Fig. 2.38(c).
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(1=0.5,0.7,0.9,1.1,1.3,1.5,1.7mm). Black lines indicate case [=0.9mm. Reprinted with permission
from [5].

The length of shunt stub, [, also affects the properties of the cell. Using L, values designed in
Sonnet and the Ry and C/; values found in Fig. 2.35 for each MUT , the effect of different lengths
of shunt stub on sensitivity can be studied. Assuming width of transmission line w to be minimum
0.1mm on RO4350B substrate, the characteristic impedance 7, of transmission line will be 1172

at 10GHz. With Z;=R+1/(jwC}), Z, can be calculated as a function of [ [35]:

Z1, + jZotan(pBl)

B °Zo + jZtan(Bl)’ (28)

Zsh

where 5 =27/\ is the phase constant, while A = )\, / Veers and €.y is calculated to be 2.461 at
10GHz. For a two-stage sensor, A¢ and A M ag for different values of [=0.5,0.7,0.9,1.1,1.3,1.5,1.7mm
are plotted in Fig. 2.39. Although larger value of [ increases A¢, but large [ limits the bandwidth
and transmission of signal. As the result, a relatively small /=0.9mm is selected to achieve accept-
able sensitivity. The final layout of the sensor with its complete electrical model are presented in
Fig. 2.40.

A¢ and A M ag are functions of both ¢’ and €”, simultaneously. A¢ and A M ag for two constant
values of ¢=10 and 50 and two constant values of tand=0.1 and 0.5 are plotted in Fig. 2.41.

It can be seen from Fig. 2.41(a), that A¢ has a small deviation by sweeping tand, and it is
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Figure 2.40: (a) 3D Layout of sensor with two stages, (b) Equivalent circuit model. Reprinted with
permission from [5].
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Figure 2.41: Effect of constant ¢’ and constant ¢’ MUTSs on (a) A¢, (b) AMag. Reprinted with
permission from [5].

mainly a function of € at low frequencies. However, at high frequencies, the effect of tand on A¢
increases. As shown in Fig. 2.41(b), A Mag largely varies by changing each one of ¢ and ¢”. Such

dependencies are considered in calibration of ¢’ and ¢”. The theoretical values of ¢’ and €’ versus
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sensor with two attenuators, (b) S11, (c) 521 simulated. Reprinted with permission from [5].

simulated A¢ and AM ag are shown in Fig. 2.42 for three different MUTs. The frequency variable
has been excluded from Fig. 2.42, while all values change from 3-10GHz.

Although the sensor is sensitive to both ¢ and ¢’ of MUTSs, the matching condition is not
satisfied over 3-10GHz. To improve S11, constant attenuators are added to the input and output
of sensing structure as shown in Fig. 2.43(a). According to Fig. 2.43(b), after adding two 4-dB
attenuators at the input and output of the sensor, S11 for different MUTs is always less than -13 dB.

Fig. 2.43(c) shows simulated S5, which cannot be larger than -8dB because of attenuators.
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2.2.2.1.2 MUT Volume Effect on the Sensor Performance

The sensor is simulated for different MUT thicknesses, hy;y7, and the simulation results are
presented in Fig. 2.44. Phase(S21) for ethanol, methanol, and water are shown for Ay = 0.03,
0.05, 0.1, 0.25, 0.50, 0.75, 1 mm. On the one hand, according to Fig. 2.44(a) and (b), by increasing
hyror from 0.03mm to 0.5mm, the absolute value of phase(S21) will also increase. But, by fur-
ther increasing hy/pr (>0.5mm), change in phase(S21) is negligible. That is because all electric
fields are inside the MUT and further increase of MUT thickness does not affect the electromag-
netic energy anymore and the sensor is saturated. On the other hand, according to Fig. 2.44(c)
for water, if Ap;y7>0.5mm, phase(S21) changes and more importantly, at higher frequencies the
behavior of phase is not monotonic. The values of dB(S21) and dB(S11) for the case of water are
also shown in Fig. 2.45. Because of the resonance appearing in dB(S21) response (Fig. 2.45(a))
for hpyr=0.75mm and 1.00mm at 9.68GHz and 9.16GHz, respectively, dB(S11) of these cases
reaches to its maximum at resonant frequencies (Fig. 2.45 (b)) and it violates the matching condi-
tion dB(S11)<-10dB. The violation of matching condition and creation of reflection waves result
in destruction of phase response behavior at high frequencies in Fig. 2.44(c). Such behavior affects
the accurate extraction of two quantities ¢’ and ¢’ during calibration procedure. From the discus-
sion above, h ;7 is chosen to be 0.2mm in all design steps and simulations. With A ;;7=0.2mm,
the phase and magnitude responses are monotonic with respect to ¢’ and ¢” of the MUTs. In addi-
tion, the total volume of MUT is 4mm><2.5mm><0.2rnm=2mm3=2uL which is less than the case
where h o7 is 0.5mm (4mmx2.5mm x 0.5mm=5mm3=5uL).

By carrying the right volume of MUT (0.03mm</ ;7 <0.25mm) with a micropipette and
using identical volumes for all of the MUTs, the sensor can successfully detect liquids with per-
mittivities from 1 to 80. However, there might be still some error in phase measurement due to
small variation of liquid height in the container. For a fixed liquid volume, it is better to use a
microfluidic channel with inlet, outlet, and extremely thin top and bottom walls for more accurate
control of liquid volume instead of an open container with a separate cap used in this work [36].

The sensor has been initially designed for MUTs with 1<¢'<¢/ ... The simulation results of
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Figure 2.44: Sensor simulation results of Phase(S21) for different MUT thicknesses Ay, (a)
ethanol, (b) methanol, (c) water. Reprinted with permission from [5].

0 5
-10 — — -10
— hyyyr=0.03mm .15
g 20— h,,,y=0.05mm g
q Myur=0-10mm o -20
0 -30f = hy,,1=0.25mm 0 \
—— By =0.50mm 25
-40— Myur=0-75mm——— H-] .30 /e
= hy,y7=1.00mm
50 ‘ ‘ -35
4 6 8 10 4 6 8 10
Frequency (GHz) Frequency (GHz)
() (b)

Figure 2.45: Sensor simulation results for different thicknesses of water, (a) S21(dB), (b) S11(dB).
Reprinted with permission from [5].

the sensor for larger values of ¢'=80,100,120,180,200 with three different values of tan=0.1,0.5,0.9
are given in Fig. 2.46. According to Fig. 2.46, for larger values of ¢’ (¢ >100), the A¢ response
does not remain monotonic at higher frequencies. In other words, a larger €/, does not necessarily
provide a larger A¢. Such non-monotonic behavior causes the same phase response for different
MUTs at some frequencies, and it makes the extraction of two quantities ¢ and ¢” during calibra-
tion inaccurate. Therefore, the dynamic range of the system is limited to ¢ <100. In addition, if
tand is small, tand ~ 0.1, and € >100, the magnitude sensitivity of sensor will be small at lower

frequencies, and attenuation will be large (>40dB) at higher frequencies.
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Figure 2.46: Simulation results of the proposed sensor for MUTs with large values of
€'=80,100,120,180,200 and three different values of tand=0.1,0.5,0.9. (a) S11(dB), (b) Phase(S21),
(c) S21(dB). Reprinted with permission from [5].

2.2.2.1.3 MUT Container Design

The MUT container surrounding the sensor is made of Polypropylene (PP) with ¢'=2.2, a small
dielectric constant to have negligible effect on the sensor excitation. PP exhibits many beneficial
properties such as versatility, easy processing, resistance to corrosion, and low cost. PP has an
excellent chemical resistance and most liquids don’t react readily with it [37]. All of these make
PP a good choice for containers of liquids. The simulations show that as long as €., iner < 2.5,
the sensor excitation signal experiences less than 1 degree phase shift and less than only 0.003dB

loss because of the presence of container on top of the excitation transmission line.
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Figure 2.47: Effect of the width of container/MUT, w, on (a) phase and (b) magnitude of S21 for
methanol. Reprinted with permission from [5].

The inner dimensions of PP container are 2.5mmx4mm to cover the area of printed sensor,
its height is 4mm to have enough room for adjusting different heights of MUT, and the thickness
of walls is as low as 0.8mm mainly limited by the fabrication constraints. The width, w, of the
container/MUT is 1.2mm larger than the width of the printed sensor (1.3mm) to ensure that the
MUT is exposed to the electric fields in the sides of the container. To study the effect of w, the
sensor was loaded with a typical MUT, methanol, and simulated for different values of w. The
magnitude and phase of S21 are presented in Fig. 2.47. According to the simulation results in Fig.
2.47, the changes in phase of S21 is negligible for w >2.5mm, and the changes in magnitude of
S21 is negligible for w >2.3mm. Therefore, w is considered to be 2.5mm. The length, [, of the
container/MUT (4mm) is designed to be in the same length of the printed sensor (4mm). Since the
sensor is connected to the transmission lines for excitation, longer container/MUT will affect the
response of the transmission lines and excitation. In addition, it will increase the volume of MUT
which is not desirable. The effect of [ on response of the sensor is also studied while the sensor
is loaded with methanol. The simulation results in Fig.2.48 show that both phase and magnitude
of S21 slightly change by increasing [. Repeating the analysis with other MUTs results in similar
choice of dimensions for container.

Instead of using current PP container, a cubic sample of solid with the same size of the container

can be placed on top of sensor for sensing, as long as the permittivity of solid MUT is within the
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Figure 2.48: Effect of the length of container/MUT, [, on (a) phase and (b) magnitude of S21 for
methanol. Reprinted with permission from [5].

dynamic range of the sensor (¢’ <80). As an example, in [38], a modification of sample for
accurate measurement of both liquids and solids by using contactless method in UWB range is
presented. For liquid chemical sensing, a hollow plastic tube was used as the container, and for
solids thickness sensing, dielectric slabs were employed. In both liquid and solid cases, the same

quantity was measured (phase shift due to the presence of each MUT).
2.2.2.2 System Design

The miniaturized planar sensor is suitable to identify MUTs in 3-10GHz frequency range. In
other words, the complex permittivity of an MUT can be calculated from A¢ and A M ag responses
of the sensor exposed to that MUT. However, obtaining A¢ and AMag information from a TD
measurement requires excitation of the sensor by a short duration pulse which has 7GHz band-
width. In addition, a high-speed receiver is necessary to capture the voltage response of the sensor
in TD. The excitation pulse, as the input signal of the sensor, is generated through a UWB transmit-
ter which consists of a baseband (BB) pulse generator, a UWB upconverter, and a UWB amplifier.
Furthermore, a high-speed oscilloscope is used to acquire output of the sensor. Fig. 2.49 shows
the overall block diagram of the proposed UWB TDS system.

The baseband pulse is generated by using an SRD as explain in 2.1.2.2. The output voltage
of baseband pulse generator is upconverted by a UWB mixer which has an LO input at 6.5GHz.

Consequently, a passband signal from 3-to-10GHz is generated at the output of the mixer. Then,
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Figure 2.49: Block diagram of the proposed miniaturized UWB TDS system. Reprinted with
permission from [5].

that signal is amplified by a UWB amplifier. Beside providing enough gain to establish a closed
link, the amplifier blocks small reflections returning to the mixer. To avoid effect of reflections from
sensor on the operation of amplifier itself, the matching between transmitter and sensor is designed
to be better than -13dB for different. Consequently, the output of transmitter is approximately
independent of the MUT.

The sensor output voltage varies with the MUT and acquired by oscilloscope. According to the
sampling theorem, to capture the output voltage of sensor, an oscilloscope with sampling rate of
20GSps is required. In addition, the voltage level across 5052 load of oscilloscope should be large
enough to be distinguished from noise. To achieve an acceptable signal to noise ratio (SNR), the

output voltage of sensor is 1024 times averaged by oscilloscope.
2.2.2.3  System Implementation and Measurements

Fig. 2.50 shows the photograph of the fabricated miniaturized UWB contact-based TDS sys-

tem. The system fabricated using high frequency and low loss RO4350B substrate with ¢'=3.66,
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tand=0.0031 and the thickness of 0.338mm. The total area of the fabricated board is 4.8cm x 6.1cm=29.28cm?.
The input of system is a SVpp square-wave signal with 1MHz repetition frequency and 5ns rise
time generated by Agilent 33250A function generator for proper excitation of the pulse generator.
The baseband pulse generator consists of an MD835-H20 SRD with 50ps transient time, a
4.5mm microstrip short-circuited stub, a CDBUO130L Schottky diode, and a GAT-6+ attenuator.
The output signal of baseband pulse generator is applied to an HMC787A mixer for upconversion,
while the 6.5GHz LO frequency of mixer is generated by Agilent E8267D PSG Vector Signal
Generator with the amplitude of +18dBm. The output signal of the mixer is amplified by an
HMC772LC4 amplifier before exciting the sensor. The container was fabricated by Computer
Numerical Control (CNC) machine. In addition, a 7mm x5.5mm cap was fabricated using PP to
cover the container. The container is fixed and glued with silicone rubber around the total sensing
area. A 0.2-2uL micropipette with a 0.1-10uL pipette tip is used to insert 0.3 MUT inside the
container. Because a very small volume of liquid MUT is used for sensing, one should ensure that
the MUT is distributed evenly at the bottom area of the container (2.5mmx4mm). Therefore, the
liquid MUT is dropped carefully on the whole bottom area inside the container. In case the first
drop of MUT does not cover the total area (especially for water because of attraction between water
molecules) the next drop is located to the uncovered area. Moreover, the creation of air bubble is
manually avoided with the aid of pipette tip pushing the liquid toward the air bubble to fill or
eliminate it. The output of the system is captured by Agilent DSA91304A Infiniium Oscilloscope.
The micropipette is also used to remove liquid from the container and empty it. Then, the container

is dried by a compressed gas duster.
2.2.2.4 Calibration and Unknown MUT Characterization

Considering € and ¢” of MUT simultaneously affect both phase and magnitude of output signal

in FD, the behavior of the system is described by testing 12 reference MUTs. By polynomial curve-
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Figure 2.50: Fabricated miniaturized contact-based UWB TDS system. Reprinted with permission
from [5].

fitting, ¢’ and €’ are estimated according to the following equations

€ = poo + pro * Ad + por * AMag+
P20 * (A¢)? + pu * A x AMag+ (2.9)

P30 * (A¢>3 + P21 * (A¢)2 * AMag,

€' = qoo + qio * AMag + qo1 * Ao+
G20 * (A)? + i1 * Ad x AMag+ (2.10)

qo2 * (AMag)2

In (2.9), ¢ depends on A¢ with the third order, while it depends on AMag with the first order

relationship, reflecting the fact that € is mainly affected by A¢. The coefficients are shown in Fig.
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Figure 2.51: Measured output voltage of the system in TD for different reference MUTs. Reprinted
with permission from [5].

2.53.

From the behavioral model of the system, three unknown MUTsSs are characterized with errors
less than 0.1|e*| in both €’ and ¢” from 3.28-10GHz (Fig. 2.54).

Table 2.2 compares the proposed system in this work with the commercially available product
Keysight N1501A dielectric performance probe kit [39] which operates from 500MHz to S0GHz.
In N1501A product, the measurements are made by immersing the probe into MUTs. The N1501A
is based on FD measurement technique by using a network or impedance analyzer. Because of
measurement in TD, the proposed system generates RF/microwave signal with a very cheap func-
tion generator (33250A) and a customized RF pulse generator circuitry, while the N1501A still
dependents on expensive network or impedance analyzer for RF/microwave signal generation.
The bandwidth of the proposed system could be enhanced by using combined FD-TD technique
as shown in [40] and redesigning the mixers and the sensor for higher frequency operation. To re-
duce overall cost of the system, replacing a fast analog-to-digital (ADC) board with oscilloscope is
necessary. Advantages of the proposed system appear in terms of sensor miniaturization and MUT
size. While this system only needs a 0.3l volume of liquid for sensing, the N1501A demands

at least 15.7uLL sample volume to confine the total electric field generated at probe. In terms of
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Figure 2.52: Calculated (a) A¢ and (b) AMag in FD using FFT of TD output voltage. Reprinted
with permission from [5].
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Figure 2.53: Curve-fitting coefficients for (a) €, and (b) ¢”. Reprinted with permission from [5].

accuracy, maximum error is 0.05]¢*| in €’ and 0.1|¢*| in €’ in N1501A measurements as shown in
Fig. 2.55; however, maximum error is 0.1|¢*| in € and also 0.1|¢*| in €” in the proposed system
within the UWB range. In terms of dynamic range, N1501A is capable of measuring MUTs with
€’<100 and tand>0.05; but, according to the measurements in the proposed system, the maximum
measured ¢’ is for water which is less than 80, and the minimum tand belongs to butanol which is
larger than 0.22. However, the simulations show that the system can detect MUTSs with tand larger

than 0.02.
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2.2.2.5 Conclusion

The design, fabrication, and testing of a UWB spectroscopy system in TD has been presented.
The design procedure of a miniaturized sensor has been discussed in detail, based on maximiz-

ing the sensitivity and achieving the broadband matching condition. The input signal of sensor

Frequency (GHz)
(b)
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Figure 2.55: Accuracy in the proposed system compared with the Keysight N1501A dielectric
probe kit: (a) maximum error in ¢’ and (b) error in ¢”. Reprinted with permission from [5].

is generated through a UWB transmitter employing an SRD, a short-circuited stub, a mixer, and
an amplifier, and the output signal of sensor is captured by an oscilloscope in TD. The phase and
magnitude of output signal for reference MUTs are related to ¢’ and €’ of the MUTS, using poly-
nomial relationships which take into account the effect of ¢ and ¢” on both phase and magnitude.
With these polynomials, the ¢ and €” of three unknown MUTS have been successfully determined

with the maximum error of each one less than 0.1|e*| from 3.28-10GHz.
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2.3 Dual-Comb Dielectric Spectroscopy
2.3.1 Dual-Comb Dielectric Spectroscopy for Magnitude Measurement
2.3.1.1 Introduction

Time-domain dielectric spectroscopy (TDS) is a broadband technique based on measuring the
MUT with a single short-duration pulse excitation which extends over the desired frequency range.
Traditional TDS systems utilize bulky and expensive time-domain reflectometry equipment [41].
Miniaturized TDS systems have been recently reported [1], [4], [5]. [1] suggests a miniaturized
contactless TDS technique by using two UWB Vivaldi antennas located in the near-field range
with the MUT in between. A pulse-shaping circuit consists of an SRD and a short-circuited stub
along with an upconverter and an amplifier generate the desired UWB excitation pulse. [4] and
[5] provide miniaturized contact-based UWB techniques by using UWB planar sensors with the
MUT located on the top, while they employ a similar pulse generation method as in [1]. In spite
of the fact that these works propose significant miniaturization in the sensing structure and the
pulse generation, they would still need a bulky and expensive high-speed oscilloscope to capture
the output UWB pulse.

Dual-comb spectroscopy (DCS) technique emerged in numerous spectroscopy systems in the
optical region [42] is an appealing technique that can potentially be used in the microwave broad-
band dielectric spectroscopy systems. DCS requires two frequency combs to be combined in the
microwave range and then be downconverted to low frequency range by a second order nonlinearity
detector. This eliminates the need for a high-speed oscilloscope, while it still takes the advantages
of TDS by only taking a single measurement. This paper proposes a miniaturized UWB DCS

system in time domain for detection of liquid MUTs.
2.3.1.2  System Design

The block diagram of the proposed UWB DCS system is shown in Fig. 2.56. This system

basically consists of two comb generators, a sensor, a power combiner, a high-pass filter (HPF),
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Figure 2.56: Block diagram of the proposed UWB dual-comb spectroscopy system. Reprinted
with permission from [6].

a power detector, and a low-frequency oscilloscope. The comb generators output two pulse trains
with slightly different pulse repetition frequencies (PRF) f,. and f, + Af,, where f,=10MHz
and A f,=5KHz. One of the pulse trains passes through the sensor and then is combined with
the other pulse train. Fig. 2.36(a) and (c) show the combined microwave signal in frequency
and time domains, respectively. With A f,.=5KHz, the samples in frequency domain (FD) have
(3GHz/10MHz)x A f,. = 150x A f, = 1.5MHz separation at 3GHz and (10GHz/10MHz)x A f, =
1000x A f, = SMHz separation at 10GHz. While in TD, time-shift between the samples increases
with the steps of 50ps. The combination experiences second order nonlinearity by a power detector
which means that the two pulse trains are convolved in the FD. This results in the downconversion
of the entire UWB information into a frequency range less than SMHz in baseband (BB). Fig.
2.57(b) and (d) show the BB signal in FD and TD, respectively. Consequently, the BB signal can
be captured by an oscilloscope with a much smaller sampling rate compared to the microwave sig-
nal (10MSps compared to 20GSps). The frequency spacing between samples in BB signal is fixed
value equal to A f,=5KHz. The HPF is to suppress the out of band signal at frequencies less than

3GHz generated from the tail of the pulse. In described DCS system, the UWB 3-10GHz spectrum
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signal as the result of convolution through the second-order nonlinearity, (¢c) combination of mi-
crowave pulse trains with different periods in TD (Part (c) is the TD equivalent of (a)), (d) down-
converted BB signal in TD (Part (d) is the TD equivalent of (b)). Reprinted with permission from
[6].

with Av=7GHz bandwidth is mapped to BB 1.5-5MHz spectrum with 3.5MHz bandwidth. The
ratio of the UWB bandwidth to the BB bandwidth is called compression factor m=2000 which is
equal to f,./Af,. The selection of f,=10MHz and A f,=5KHz is reasonable because the one-to-
one mapping from microwave to BB is only maintained if the microwave bandwidth satisfies the

following condition [42]

A/U<mf7‘ . fr2

S TaAr (2.11)

Each of the UWB comb generators employ a square-wave generator with the desired PREF,
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Figure 2.58: 50 €2 microstrip transmission line (TL) loaded by MUT, (a) Top view, (b) Side view.
Reprinted with permission from [6].

a pulse-shaping circuit, an upconverter, and an amplifier. The pulse-shaping circuit essentially
includes an SRD and a short-circuited stub to convert each period of the square-wave to a short
duration pulse extended from DC to 3.5GHz, while an attenuator and a schottky diode are used to
improve the input matching and reduce ringing, respectively [1]. The output of the pulse-shaping
circuit is upconverted by 6.5GHz with the UWB mixer and amplified by the UWB amplifier. Since
the input square-wave is periodic, the output signal of the UWB comb generator is sampled by the

input PRF within 3-10GHz. Therefore, the number of comb lines is 700.
2.3.1.3 Sensor Design

A micostrip transmission line electrical parameters such as characteristic impedance, phase
velocity, and losses change when it is covered by an MUT [34]. In this work, a 50€2 microstrip
line is loaded with several MUTs including air, ethanol, and methanol, thereby the MUTSs are
detected according to the transmission responses of the loaded microstrip line. The covered area
of the microstrip line affects the matching condition and the sensitivity in detection of different
MUTs. The goal here is to design a sensor that satisfies the matching condition S7; <-10dB over
UWB band, generates large magnitudes differences AMag compared to the unloaded case, and
uses a minimum amount of MUT. Fig. 2.58 shows a 50¢2 microstrip line on 0.338mm RO4350B
substrate loaded by a rectangular MUT. The width, w=10mm, and the height, h~=5mm, of the

MUT are decided large enough to hold the total fringing field around the signal trace. The length,
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Figure 2.59: Simulation results of the sensor loaded by ethanol (left) and methanol (right) for
different values of /, (a) S11 and (b) AMag. Reprinted with permission from [6].

[, of the MUT significantly affects the reflection and transmission responses of the sensor. The
HFSS simulation results of S7; and AMag for [=4,6,8,10,12,14mm and different MUT's are shown
in Fig. 2.59. According to this figure, the sensor satisfies matching condition for /=12mm and
[=14mm. Choosing [=14mm for the length of MUT, the sensor generates minimum AM ag=-

2.7dB for ethanol at 3GHz.
2.3.1.4  System Implementation and Measurements

The photograph of fabricated microstrip sensor is shown in Fig. 2.60(a). The substrate is
RO4350 with 0.338mm thickness, €'=3.66 and tand=0.0031 and the trace width is 0.7mm. The
polypropylene container made by CNC machining. The simulation and measurement results for

the Sy; of loaded line are shown in Fig. 2.60(b) while the measured S, <-10dB.
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Figure 2.60: (a) Photograph of fabricated microstrip sensor, (b) S21 simulation (dotted lines) and
measurement (solid lines) results for different MUTs. Reprinted with permission from [6].

Figure 2.61: Photograph of fabricated UWB DCS system. Reprinted with permission from [6].

Fig. 2.61 shows the photograph of UWB DCS system. Each pulse-shaping circuit includes
an MD835-H20 SRD, a 4.5mm short-circuited stub, a CDBUO130L Schottky diode, and a GAT-
6+ attenuator, and the square-wave input voltages are generated by DG4162 function generator.
HMC787A mixers and HMC772LC4 amplifiers are used for upconversion and amplification, re-
spectively, while the 6.5GHz LO frequencies are generated by an E8267D PSG Vector Signal

Generator and an EP2C+ power splitter. The frequency combs are combined by EP2C+, filtered by
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combs. Reprinted with permission from [6].

-75

air [ ethanol I methanol

iy,

Frequency (MHz)

-80

-85

-90

-95

FFT of output voltage (dBm)

-100

Figure 2.63: Output of the system in FD. Attenuation of ethanol is larger than air, and attenuation
of methanol is larger than ethanol. Reprinted with permission from [6].

XHF-23+ HPF, and experience nonlinearity by diode detector DT2012Z1. Finally, an DSA91304A
oscilloscope captures the output voltage.

Fig. 2.62 shows a window of the combined frequency combs in TD captured after the HPFE.
As can be seen from this figure, the time delay between frequency combs increases from 14ns on
the left to 16ns on the right because of the difference in comb PRFs. Fig. 2.63 shows output of

the system in BB for different MUTs. According to this figure, the FFT magnitude for methanol
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is smaller than ethanol, and for ethanol is smaller than air as predicted by the simulations and
sensor measurements. The 1.5-5MHz signal in Fig.2.63 contains MUT information in 3-10GHz

frequency range.
2.3.1.5 Conclusion

A miniaturized UWB dual comb spectroscopy system has been presented. In this system, the
effect of liquid chemicals on voltage magnitude in the microwave range is mapped to the baseband.

Therefore, this is an effective method to distinguish among MUTs in a wide frequency range.
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2.3.2 Dual-Comb Dielectric Spectroscopy for Phase and Magnitude Measurements
2.3.2.1 Introduction

Dual-comb spectroscopy is a novel TDS tool that enables fast, miniaturized, self-sustained,
and low-cost with high precision solution for broadband spectroscopy. In DCS, a broadband comb
interrogates an MUT and then mixed with a second comb with slightly different repetition rate. The
mixing result is a low-frequency comb that contains broadband information of the MUT. Mapping
of the broadband information to the low-frequency region, greatly reduces the receiver complexity
because the low-frequency information can be sampled with a basic ADC card. Therefore, it is
possible to implement a UWB/microwave system based on DCS technique as a standalone system
independent of the laboratory facility. Since the emerge of DCS [43], a large number of proof-
of-concept experiments in optical domain have been presented in literature [44, 45, 46, 47]. As a
proof of principle, the first demonstration of a miniaturized DCS system for dielectric spectroscopy
in microwave UWB frequency range was presented by the authors in [6]. In [6], two free-running
frequency combs are combined and then the combination experiences second-order nonlinearity
by a microwave diode detector to map the UWB information of an MUT to a baseband (BB)
frequency in 1.5-5 MHz. Despite the successful detection of MUTs according to the magnitude
response of the system in [6], a complete characterization of MUTs requires evaluation of both
magnitude and phase responses. This work, demonstrates a phase-sensitive microwave UWB DCS
system that has mutually coherent combs through phase-locking all the signal generators involved
in the system. Therefore, phase measurement and averaging of the output data become feasible. By
having both magnitude and phase results, complete characterization of ethanol-methanol mixtures
achieved and their ¢’ and ¢” are reported. With the frequency planning suggested in this system,
the real broadband information of an MUT is mapped in 0.3—1 MHz. In addition, a mixer is used
for heterodyning combs instead of using a combiner and a diode detector proposed in [6]. Mixer
output is a power quantity while the diode detector output is a voltage quantity and the mixer can

provide higher level of detectable signal at BB.
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Figure 2.64: Block diagram of the proposed UWB dual-comb spectroscopy system along with the
phase-locking network. Reprinted with permission from [7].

2.3.2.2 System Design

Dual-comb spectroscopy relies on heterodyning two broadband UWB frequency combs with
slightly different repetition rates, to map the entire UWB frequency properties of MUTs into the
BB domain. DCS is a well-known spectroscopy technique and its principles already described
in the literature [48, 42]. The building block and system operation of the DCS using microwave
components are described here. The architecture of the proposed UWB DCS system is shown in
Fig. 2.64. This system basically consists of two comb generators, a sensor, a mixer, a low-pass
filer (LPF), and a low-frequency oscilloscope. The comb generators output two frequency combs
with slightly different pulse repetition frequencies f, and f. + Af.. One of the combs is sent
through the sensor, inherits the microwave intrinsic properties of the MUT, and then mixed with
the second comb by a UWB mixer. The mixer output is a full translation of the MUT microwave
properties into the BB. This way, both amplitude and phase information of the microwave signal

are simultaneously mapped into the BB, low-pass filtered and then captured by the low-frequency
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Figure 2.65: Principle of UWB dual-comb spectroscopy in time and frequency domains. The
frequency comb that carries the UWB transmission properties of an MUT is mixed with the second
comb and then low-pass filtered. (a) The output in time-domain is a periodic signal with the period
of 1/Af, = 1 ms sampled by f, rate. (b) The output in frequency-domain is a BB comb with a
tooth spacing equal to A f, = 1 kHz. Reprinted with permission from [7].
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Figure 2.66: Block diagram of the comb generator. Reprinted with permission from [7].
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oscilloscope. The DCS scheme shown in Fig. 2.64 is phase-sensitive, hence, all signal sources
and the oscilloscope are phase-locked by a common REF signal supplied from the local-oscillator
(LO). If the two sources are not phase-locked, the oscilloscope will only be able to trigger on one
of the waveforms while the other waveform will appear to walk. The output of DCS system results
from the interaction of multiple sources operating at different frequencies and the TD method of
measurement depends on averaging the output signal to increase the signal-to-noise ratio (SNR).
In this regard, it is necessary to freeze the output waveform on oscilloscope through synchronizing
all clock sources involved in the system.

Fig. 2.65(a) and (b) represent the conceptual operation of the DCS system in TD and frequency
domain (FD), respectively. The PRFs of the combs are selected to be 10 MHz and 10.001 MHz
that result in f,. = 10 MHz and A f, = 1 kHz. The TD representation of DCS, reveals multiplica-
tion of two microwave combs by the mixer. In FD, the mixer output contains convolution of the
combs which translates the entire 3—10 GHz microwave comb into a 0.3—-1 MHz BB comb with
the frequency spacing between its teeth equal to A f,. = 1 kHz. The mixer output signal is a comb
expanded in time, sampled every 1/f, = 10 us and repeated with the period of 1/A f,. = 1 ms. For
this reason, the oscilloscope in Fig. 2.64 is externally triggered by a separate source with the pe-
riod of 1 ms. The mixer output is low-pass filtered at 80 MHz to avoid aliasing signals above the
Nyquist frequency that can be generated from the mixer’s leakage and harmonics. The LPF output
can be sampled by 160 MHz or a higher sampling rate. In the described DCS system, the UWB
3-10 GHz spectrum with Av = 7 GHz bandwidth is mapped to the BB 0.3—1 MHz spectrum with
0.7 MHz bandwidth. The ratio of the UWB bandwidth to the BB bandwidth is called compression
factor m = 10000 which is equal to f./Af,. The selection of f. = 10 MHz and Af, = 1 kHz
is reasonable because the one-to-one mapping from microwave to BB is only maintained if the

microwave bandwidth satisfies the following condition [42]

mf, . fr2

Av > T OAL

IN

(2.12)
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Based on this constraint, for a given comb repetition rate and microwave bandwidth, the mini-

=1 ms.

mum required time to acquire a spectrum equals NG

In the DCS system, each UWB comb generator block employs a square-wave (sqw) generator
with the PRF equal to f, (or f. + Af,), a pulse-shaping circuit, an upconverter, and an amplifier
(Fig. 2.66). The pulse-shaping circuit includes an SRD and a short-circuited stub to convert each
period of the square-wave input to a short duration pulse extended from DC to 3.5 GHz [1]. During
the forward-biased state, the SRD stores electric charge, and when it is switched to the reverse-
biased state, it releases that charge in a short duration equal to the minority carrier lifetime, 75.
The rise-time of the input sqw must be less than 7z in order to obtain the maximum achievable
amplitude . After 75, the diode abruptly turns off. This instant transition time, 7;, that appears
at the output of SRD, is converted to a short-duration pulse after combining with its reflected and
delayed version from the short-circuited stub. The resultant combination has a short-duration pulse
with a rise-time and a fall-time determined by the SRD and a duration adjusted by the length of the

short-circuited stub. For completion of a transition in reverse-biased state, 7z + 7 must be smaller

than the half-period of the input square-wave, 1/(2f,), as given below

TR+ T < 1/(2f). (2.13)

Equation (2.13) is another criteria for choosing f, in the DCS system. In the pulse-shaping circuit,
an attenuator and a Schottky diode are used to improve the input matching and reduce ringing,
respectively [1]. The output of the pulse-shaping circuit is upconverted by 6.5 GHz with a UWB
mixer and amplified by a UWB amplifier. Since the input sqw is periodic in TD, the output voltage
of the UWB comb generator in FD corresponds to a frequency comb of evenly spaced teeth with
the frequency of the nth tooth given by f,.+nA f,. Therefore, the number of comb lines is 700 in
3-10 GHz frequency range.

The microstrip transmission line electrical parameters such as characteristic impedance, phase

velocity, and losses change when it is covered by an MUT. In this work, a 502 microstrip line is
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Figure 2.67: Simulation results of the sensor loaded by ethanol (left) and methanol (right) for
different values of [, (a) S11 (b) AMag, and (c) A¢. Reprinted with permission from [7].

employed as a sensor for detecting intrinsic properties of different MUTs while directly loading
the line. Thereby the MUT properties are launched on the transmission responses of the loaded
microstrip line. The covered area of the microstrip line affects the matching condition and the
magnitude and phase sensitivity in detection of different MUTs. The goal here is to design a
sensor which (i) satisfies matching condition for reflection coefficient S, <-10 dB over the UWB
band, (ii) generates a large phase difference A¢ and magnitude difference AMag compared to
the unloaded line (A¢ = phase(Sa1)pur-phase(Sa1)air and AMag = dB(S21) pror-dB(S21) air)s

and (iii) uses a minimum amount of MUT. Fig. 2.58 shows a 50 €2 microstrip line on 0.338 mm
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RO4350B substrate loaded by a liquid MUT which is surrounded by a rectangular shape container.
The width, w = 10 mm, and the height, 4 = 5 mm, of the MUT are decided small to consume
minimum amount of MUT, but large enough to hold total fringing field around the signal trace.
The length, [, of the MUT significantly affects the reflection and transmission responses of the
sensor. The full-wave simulation results of S71, A¢, and AMag forl=4,6,8,10,12 ,14 mm and
different MUTs, ethanol and methanol, are shown in Fig. 2.67. According to this figure, the sensor
satisfies matching condition for [ = 12 mm and [ = 14 mm. Choosing [ = 14 mm for the length of
MUT, the sensor requires 0.7 mL of liquid MUT and it generates minimum A¢ = -22 degrees and
AMag = -2.7 dB for ethanol at 3 GHz. According to Fig. 2.67(b) and (c), the sensitivity of the
sensor improves in both magnitude and phase by increasing /.

The fabricated sensor along with the measurement results are shown in Fig. 2.68. Fig. 2.68(a)
shows the transmission line and the sesning area surrounded by a polypropylene (PP) (¢, = 2.2)
container. Because of the small dielectic contant of PP and its thin 0.8 mm wall thickness, its
effect on the transmission response of the microstrip line is considered negligible. In all tests, the
container is filled with MUT and saturated. The value of Sy, for all MUTs, is always less than
-9.6 dB over 3—10 GHz as shown in Fig. 2.68(b). According to 2.68(c) and (d), A¢ values for
ethanol ranges from -22.7 to -51.6 degrees and AMag from -2.5 dB to -4.6 dB. A¢ values for

methanol ranges from -51.8 to -89.1 degrees and AM ag from -3.9 dB to -11.7 dB.
2.3.2.3  System Implementation and Measurements

The photograph of fabricated DCS system is shown in Fig. 2.69. The system fabricated on
the high-frequency and low-loss RO4350B substrate with ¢ = 3.66, tané = 0.0031, and thick-
ness = 0.0338 mm. The comb generators, sensor, amplifiers, mixer, and LPF can be seen in this
figure. The input sources of the system consist of two square-wave signals (sqw1 and sqw?2 in Fig
2.69) generated from a two-channel DG4162 arbitrary waveform generator, a 6.5 GHz signal gen-
erated from an E8267D PSG vector signal generator, and DC voltages for biasing the amplifiers.
The output of the system is captured by a DSA91304A oscilloscope. Because the output PRF

is 1 kHz, the oscilloscope is externally triggered by a 1 kHz sqw signal produced by a 33250A
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Figure 2.68: (a) Photograph of the fabricated microstrip sensor. (b) S;; measured for air, ethanol,
and methanol, (¢) AMag measured for ethanol and methanol, (d) A¢ measured for ethanol and
methanol. Reprinted with permission from [7].

function/arbitrary waveform generator. All sources and the oscilloscope must be synchronized by
a reference clock and to do so the 10 MHz OUT port of the E8267D LO, as the reference clock,
is equally divided to four signals by a ZN8PD-113-S+ splitter, and these signals are connected to
the 10 MHz IN port of the sources and the oscilloscope. The LO REF signal and the trigger signal
are shown in Fig. 2.70(a) and (b), respectively. The sqw inputs, with 10 MHz and 10.001 MHz
PRFs are shown in Fig. 2.70(c) and (d), respectively. The input sqws are phase aligned and then
applied to the comb generators. Each source generates a voltage twice the amplitudes shown in
Fig. 2.70, but because the input impedance of the DSA91304A oscilloscope is 50 €2, half of the
voltages appear in the oscilloscope input port. The higher amplitude of sqw1 compared with sqw2
is for generation of a larger Comb1 and can be regarded as a compensation for the insertion loss of
the sensor in that path.

The BB pulse-shaping circuit consists of an MD835-H20 SRD with the typical values of

73



Output 3
pl?

Figure 2.69: Photograph of the fabricated UWB dual-comb spectroscopy system. Reprinted with
permission from [7].

7r =20 ns and 73 = 50 ps, a 4.5 mm length microstrip short-circuited stub, a CDBUO130L Schottky
diode, and a GAT-6+ attenuator. The 20 ns minority carrier lifetime of the SRD is higher than the
input sqw rise-time (5 ns) and less than the half-period of the input sqw (50 ns); consequently,
a successful transition time is created at every input period with f, = 10 MHz. The BB pulse-
shaping circuit output is applied to an HMC787A mixer and then an HMC772LC4 amplifier for
upconverstion and amplification, respectively. The 6.5 GHz LO signal of the mixer is equally di-
vided by an EP2C+ power splitter, and then applied to the mixer LO port of each comb generator
for upconversion.

Fig. 2.71(a) and (b) show TD signals from the comb generator outputs captured by the oscillo-
scope. The PRFs of TD signals in Fig. 2.71(a) and (b) are 10 MHz and 10.001 MHz, respectively.
Therefore, the envelopes of Combl and Comb2 in FD are sampled by 10 MHz and 10.001 MHz,
respectively. The equivalent FD Combs calculated by taking Fast Fourier Transform (FFT) of the
measured TD signals are shown in Fig. 2.72(a) and (b). The -10-dB bandwidth of both combs
are 7 GHz extended in the 3—10 GHz UWB frequency range. The noise level in Fig. 2.72(a) and

(b) is around -90 dBm without averaging. Combl is passed through the sensor, amplified by an

74



REF (V)
o
Inputl (V)
A T S =T SN Ry 0

0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

o

Time(us) Time(us)
(@) (c)
1 — T 3 T T T
) 2-
> 05
> 0 Y
2z 2
<5} -
805 £
= 21
-1 -3
01 2 3 456 7 8 910 0 0.2 04 06 0.8 1
Time(ms) Time(us)
(b) (d)

Figure 2.70: (a) REF signal from the 10 MHz OUT port of the LO that is connected to the 10 MHz
IN ports of the function generators and the oscilloscope, (b) 1 kHz signal that is connected to the
AUX TRIG port of the oscilloscope, (c) 10 MHz square-wave (sqw1) signal as the input of the
comb generator 1, (d) 10.001 MHz square-wave (sqw?2) signal as the input of the comb generator
2. Reprinted with permission from [7].

HMC772LC4 amplifier, and applied to the RF port of an HMC787A mixer. Comb?2 is applied to
the LO port of the mixer after amplification by another HMC772LC4 amplifier. The mixer output
is low-pass filtered by an 80 MHz VLF-80+ LPF and then captured by 1 GSps sampling rate. The
LPF cutoff frequency in this system can be any value larger than 1 MHz to keep the 0.3—1 MHz
output signal. The smaller cutoff frequency reduces the required sampling rate and the noise power.
The system output in TD is shown in Fig. 2.71(c) and its equivalent in FD calculated by taking
FFT from the measured TD signal is shown in Fig. 2.72(c) for 0.3—1 MHz. The expanded ver-
sions of Fig. 2.71(c) and 2.72(c) are shown in Fig. 2.71(d) and 2.72(d), respectively. Because the
length of TD information in Fig. 2.71(c) is 10 ms, its equivalent FD signal after taking FFT will
have frequency resolution of 100 Hz. To show the equivalent FD with a higher resolution, the TD

data is repeated for 40 ms before taking FFT. Thus, the frequency resolution in Fig. 2.72(d) is
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Figure 2.71: System measurement results in time domain. (a) Combl with PRF = f, = 10 MHz,
(b) Comb2 with PRF = f,.+ A f,. = 10.001 MHz, (c) Output of the system with PRF = A f,. = 1 kHz,
and (d) Expanded version of the system output. Each tooth of the output signal is a pulse spread in
time and sampled by a comb with the rate of f,. = 10 MSps. Reprinted with permission from [7].

25 Hz and the noise level is less than -120 dBm. Fig. 2.71(c) is the result of 4096 times averaging
the system output. The system response does not vary during the measurement because when the
system output is captured multiple times, the results merges to the same responses with negligible
differences, and this proves the fact that the system is coherent.

The points that have been mapped from microwave frequencies happen every 1 kHz in the
output signal in BB because the output PRF is 1 kHz (period = 1 ms) as presented in Fig. 2.71(c).
Fig. 2.71(c) also shows that the system output is sampled every 0.1 us as expected. The output
signal within 0.3—1 MHz frequency range which contains all 3—10 GHz properties of the MUT can
be seen in Fig. 2.72(c).

One of the main issues to be considered is SNR at receiver. The reason for using the amplifiers
in Fig. 2.69 is to make sure that the SNR is higher than 20 dB. The local oscillator port of the mixer

must be high enough for successful mixing of the two combs. The mixer works for 2.8-7.1 Vpp
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Figure 2.72: System results in frequency-domain calculated from measured time-domain data. (a)
Combl, (b) Comb2, (c) Output of the system, and (d) Expanded version of the system output.
The output signal is a frequency comb with tooth spacing equal to Af, = 1 kHz. Reprinted with
permission from [7].

LO drive. The LO level coming from Comb?2 is adjusted to be between 3-4 Vpp in the system. In
addition, the amplifier after sensor needs to remain linear for all MUTs. However, non-linearity in
detection could not be an issue, because the reading range of oscilloscope is small in the range of
100mVpp. The voltage levels are checked by accommodating multiple RP(reverse polarity)-SMA
male to male adaptors in the system.

One period of Combl in a short duration in TD is shown in Fig. 2.73(a). This figure has been
measured by the sampling rate of 40 GSps. The ripples that can be seen in 74-75 ns and 77-78 ns
are repeated periodically with the frequency of 6.5 GHz. They result from the leakage of 6.5 GHz
LO signal in the output of comb generator circuitry. These ripples show themselves as a spike at
6.5 GHz in spectrum shown in Fig. 2.72(a). Fig. 2.73(b) shows a single comb tooth as calculated
by taking FFT from Combl while repeated for 1 ms. According to Fig. 2.73(b), the spectrum

1 kHz ( = Af,) below or above a comb line is ~53 dB smaller. Therefore, the individual comb
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Figure 2.73: (a) One period of Combl in time-domain, (b) one tooth of Combl in frequency-
domain calculated by taking FFT from Comb]1. Reprinted with permission from [7].

teeth are spectrally resolved, and consequently each comb tooth pair provides a single independent
spectral sample in the system output in BB. Since the fundamental resolution is set by the comb
tooth linewidth, there is minimal cross talk between adjacent spectral elements. In free-running
combs, the relative microwave line-width between the combs is greater than Af,. In that case,
there can be varying degrees of overlap or blending with the corresponding RF comb which results
in low frequency resolution [42].

Spectroscopy in TD relies on averaging the output signal to increase the SNR. One period of
the DCS system output is 1 ms and averaging such signal can be a lengthy process. In this system,
windowing in TD can result in smoothing in FD as will be discussed later. Therefore, the TD signal
can be multiplied by a rectangular window. For that, instead of actual windowing, only a small
part of the output signal is physically captured by the oscilloscope. In fact, the point where the
maximum amplitude of the output occurs and 4 samples before and after that point are captured.
The effective windowing procedure and TD output signal sample selection is a trade-off between
(1) the system sensitivity and (ii) the averaging time and the system calibration accuracy. The
less number of samples in TD (a shorter TD window) results in the smaller range for the change
of AMag and A¢ values of different MUTs (less sensitivity). This can be seen in Fig. 2.74(a)
where AMag and A¢ values are shown for ethanol and methanol with only 5 sampling numbers.
Comparing Fig. 2.74(a) with the full-wave simulations (Fig. 2.67) and the VNA measurement

(Fig. 2.68) results, the AMag and A¢ values change in a smaller range especially for A¢ which
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is less than 3° in the worst case between ethanol and methanol while for the VNA it is 29.1°. Also
the larger the number of samples in TD (the larger TD window) results in the longer averaging
time, and also the AMag and A¢ spectrum will not appear monotonic while changing the MUTs
(Fig. 2.74(c)). Such spectrum will increase the complexity of system calibration, where ¢’ and
¢” of MUTSs must be described as functions of AMag and A¢, as will be discussed in Section
2.2.2.4. Therefore 9 samples in TD is chosen as a reasonable trade-off between sensitivity and
averaging time and calibration accuracy. In this case, the difference in A¢ values between ethanol
and methanol in the worst case is 12.2°. Fig. 2.74(b) shows AMag and A¢ for only 9 samples.
The DCS system output in TD with 9 samples is shown in Fig. 2.75 averaged 4096 times. The
FFT of Fig. 2.75 inside a 1 ms rectangular window is shown in Fig. 2.76. As can be seen, it results
in a smooth magnitude (and phase) in FD compared with Fig. 2.72(c). Only one period of the
windowed TD signal is used in taking FFT. Therefore, the FD result that is shown in Fig. 2.76 is
not a sampled spectrum by comb lines.

As suggested, the output sample with the maximum amplitude and 4 samples before and after
that in TD, can be used for measuring the magnitude response of the DCS system in FD. How-
ever, such duration may cause ambiguity in phase response in FD. Because different MUTs insert
different delays on the incoming signal, recording the phase response of the MUTs requires the
output signal always be captured at a unique time reference. Therefore, for the phase measure-
ment, all outputs for different MUTSs are captured at common start time and also common stop
time as shown in Fig. 2.77(b). For this purpose, the air test start (2.08 ps) and stop (2.98 us) times
are considered as the reference. From Fig. 2.77, it can be seen that both amplitude and delay of
the 9 samples change by different MUTs. This direction has been also observed in Fig. 2.74 about
magnitude and phase in FD.

In experiment, the output signal is sampled at only discrete sampling positions in TD, and the
zero point is not always located at such a position which can be one source of error in phase results.
By applying complex Fourier transform, the delay 0 relative to actual origin leads to the occurrence

of imaginary part in spectrum by a phase ¢/“? [49]. Because the sampling rate is 1 GSps and the
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Figure 2.74: AMag and A¢ for ethanol and methanol while only (a) 5, (b) 9, and (c) 15 samples
of the output signal are selected in time domain. Reprinted with permission from [7].

maximum BB frequency is 1 MHz, maximum error in phase would be ¢ = wd = 0.36 degrees.
Due to its small value, such error has been ignored. Beside this, the parameter that is being used
in material characterization is A¢ which is phase difference between MUT-test and air-test. Such
difference also reduces the errors related to the phase. One method for real-time compensation of
phase error has been presented in [50]. In this method, the data acquisition unit is automatically
triggered by a beat note originated from two individual lines of the combs. Another method is
to use a differential structure by employing two paths with identical sensors [51]. One sensor is

empty representing air and the other one is filled by MUT. The value of A¢ is measured from the



0.15
2 max
g 0lf 1
[=N
£
5]
o 0.05F 1
E
3 0of i
-0.05 : . : :
2 2.2 24 2.6 2.8 3
Time(us)

Figure 2.75: 9 samples of the DCS system output in time domain. Reprinted with permission from

[7].

-95 200

=
o
S

-100

o

Magnitude (dBm)
Phase (deg)

-105
-100

-110 -200
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09 1

Frequency(MHz) Frequency(MHz)
(@) (b)

Figure 2.76: Frequency domain representation of 9 samples of DCS system output in a 1 ms
window, (a) Magnitude and (b) Phase for MUT air. Reprinted with permission from [7].

phase differences in the outputs of the two sensors. Therefore, common errors between the two

paths are cancelled through differentiation.
2.3.2.4  Calibration and Unknown MUT Characterization

The DCS system in this work has been primarily designed for characterization of liquid MUTs.
Because of the difference in complex permittivity of different MUTs, the system magnitude and
phase responses, AMag and A¢, vary by changing the MUTs. The aim of system calibration
is to construct a relationship between the complex permittivity, €* = ¢’ - j €”, and the measured
AMag and A¢ of the MUTs. For this purpose, AMag and A¢ of 13 reference MUTs with known
complex permittivities are measured and a polynomial equation is used to estimate the relationship

between € and the measured A M ag— A¢ pairs and another polynomial to estimate the relationship
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Figure 2.77: Selected samples for calculation of (a) AMag and (b) A¢. Reprinted with permission

from [7].

between €’ and the measured AMag — A¢ pairs, as follows:

€ (Ap, AMag) = poo + piro* Ad + por * AMag +

Pao * (A¢)2 + pu* Ao x AMag +

P30 * (AQ)? + por x (Ap)? * AMayg,
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Figure 2.78: (a) A¢ and (b) AMag of the reference MUTs. Reprinted with permission from [7].

€'(Ap, AMag) = qoo + qro* AMag + qo1 x Ap +
q20 * (AMCLQ)2 + g1 * AMag x A¢ + (2.15)

gs0 * (AMag)3 + o1 * (AMCLg)2 * A¢.

Equation (2.14) suggests a third order dependency of € to A¢ and a first order dependency
of ¢ to AMag while (2.15) suggests a third order dependency of ¢’ to AMag and a first order
dependency of €’ to A¢. As mentioned before, choosing a large number of samples from the
output signal in TD could result in more complexity in calibration process. It means that the
polynomials in (2.14) and (2.15) would have higher orders, thereby more number of reference
MUTs were required to determine a large number of unknown calibration coefficients.

The measurement results of 13 different reference MUTs are shown in Fig. 2.78. The reference

MUTs include butanol (C4H100), propanol (C3H80), ethanol (C2H60), methanol (CH40), and 9
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mixtures of ethanol-methanol with mixing ratios k = W =0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9.
The AMag and A¢ in Fig. 2.78 have been calculated by taking the fast Fourier transform (FFT)
of the measured output signals after necessary windowing as discussed before. The curves in Fig.
2.78 are the average of 5 times measurements of reference MUTs. Fig. 2.79 shows the ¢’ and
¢” of reference MUTs derived from (2.14) and (2.15) through curve-fitting. As can be seen, such
curve-fitting accurately approximates the theoretical values [52]. In average, the relative error be-

/ !
Eth,eory €calc

tween approximation and theory, |-

etheory

,1s less than 0.013 in €’ and less than 0.039 in €” over

the total frequency range. For the mixtures, the widely used Maxwell Garnett mixing rule [53] is

employed as following:

€y — €o
* * * m €
Emi = €, + 3ke : (2.16)
mixture e e _x * * *
€m T 266 - k(em - ee)
where €, ..., €, and €, are the complex permittivities of mixture, ethanol, and methanol, re-

spectively. The frequency dependent coefficients in (2.14) and (2.15) are shown in Fig. 2.80. The
coefficient values are the outputs of curve-fitting type poly31 through fit function in MATLAB.

The behavior of system has been described by (2.14) and (2.15) up to this point. Providing that
the system setup remains unchanged, the above-mentioned calibration procedure is only required
once for the system and such system description is sufficient to characterize unknown MUTs with
¢’ and €¢” within ranges [1, 20] and [0, 14], respectively. In other words, by measuring AMag
and A¢ of an unknown MUT and then substituting them into (2.14) and (2.15), ¢’ and €’ of the
unknown MUT can be calculated.

To demonstrate the ability of the system in characterizing unknown MUTs, the system output
for 6 different ethanol-methanol mixtures with k£ = 0.05, 0.18, 0.45, 0.55, 0.77, and 0.95 are mea-
sured 5 times and their AMag and A¢ are calculated and plugged into (2.14) and (2.15). Fig. 2.81
shows the estimated ¢’ and €” with the standard deviation values. Although this set of mixtures are
considered unknown for the system, the theoretical values of ¢ and €’ can still be calculated by

(2.16). The values from theory are also plotted in Fig. 2.81 for the comparison. It appears that the
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Figure 2.79: (a) ¢ and (b) €’ of the reference MUTSs used to construct the behaivioral model of
the DCS system. Solid lines: approximated by polynomials, dashed lines: theory. Reprinted with
permission from [7].

estimated ¢ and €’ are in a good agreement with theory.

To quantify error in characterization of unknown MUTs, the calculated values from system

measurements and the theoretical values are compared in Fig. 2.82. Fig. 2.82(a) shows €, ;. —

/ : " " :
€theory Values and Fig. 2.82(b) shows €., — €/}, Values for 5 times measurements of the unknown

MUTs. The error for each unknown MUT is compared with %|ef,.,,.,| = =+ \/ (€theory)® T (Etheory)?
[39]. From Fig. 2.82(a) and (b), it can be concluded that error in estimating ¢ is always less than
0.055|¢*| and error in estimating €” is also always less than 0.055|¢*|.

Table 2.3 compares the proposed DCS system with two other state-of-the-art dielectric spec-
troscopy systems: the commercially available product Keysight N1501A dielectric performance
probe kit [39] and the TDS system reported in [S]. In N1501A, the measurements are made by
immersing a probe into MUTSs to measure the reflection wave from the MUT while in the TDS

and DCS systems the measurements are made by dropping MUTs on a sensing area and measuring
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Figure 2.80: Coefficients for (a) ¢’ and (b) ¢’ polynomials. Reprinted with permission from [7].

transmission wave from the MUT. The N1501A is based on FD measurement technique by using a
network or impedance analyzer and the TDS system is based on TD measurement technique which
requires using a high-frequency oscilloscope. However, the TD technique in the DCS system is
based on mapping microwave properties into BB and it only requires an inexpensive low-frequency
oscilloscope for measurements which greatly reduces the costs of the system. The N1501A also
depends on network or impedance analyzer for generating RF energy but the TDS and DCS sys-
tems only need low frequency function generators, an RF signal generator for generating a single
6.5 GHz LO signal, and a customized pulse-shaping circuit. It is worth mentioning that the number
of function generators and pulse-shaping circuits is twice in DCS compared to the TDS, and DCS
also uses the phase-locking network with an extra function generator for triggering oscilloscope.
Limited to the Keysight analyzer and the probe used, the frequency range of N1501A system ex-
tends from 500 MHz to 50 GHz. In order to reach such bandwidth by a DCS system, a combined

frequency-time-domain technique [2] can be used which also demands designing the sensor, mix-
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Figure 2.81: (a) € and (b) ¢’ of unknown MUTS estimated by the behavioral model of the DCS
system. Colored lines: estimated by polynomials, dashed lines: theory. Reprinted with permission
from [7].

ers, and amplifiers for higher frequencies. Although the MUT size in the proposed system is larger
than the other systems, using a miniaturized sensor as in [5] can decrease the MUT volume. Re-
garding the system accuracy, with comparable resolution and averaging time, maximum errors are
0.05|€*|, 0.1]¢*|, and 0.055|¢*| in ¢ and are 0.1|¢*|, 0.1]¢*|, and 0.055]¢*| in €’ in N1501A, TDS,
and DCS systems, respectively. In the proposed DCS system, the error in €' is comparable with
and in €” is less than the other two systems. In terms of the dynamic range, both N1501A and TDS
systems outperform the DCS system. Because the focus of this work has been characterization of
MUTs with permittivities in the range of ethanol-methanol permittivities, the dynamic range of the
system is limited to the ¢ of methanol (less than 20) and tand of butanol (higher than 0.22). To
improve the dynamic range, it will be necessary to design a sensor that meets matching condition

and sensitivity in a higher dynamic range [5].
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Figure 2.82: Error in calculating (a) ¢ and (b) ¢’ of unknown MUTSs. Reprinted with permission

from [7].

2.3.2.5 Conclusion

A miniaturized UWB microwave dual-comb spectroscopy system has been implemented in

this paper. The conceptual operation of the DCS system along with the phase-locking network to

enable phase measurements, has been discussed. Two UWB comb generators based on SRD and

short-circuited stubs, a microstrip sensor, a mixer, an LPF, an oscilloscope, and necessary external

sources built the DCS system. The behavior model of the system according to the measurement

results of 13 reference MUTs has been constructed through calibration. Using the behavioral

model, ¢’ and €’ of 6 unknown MUTs have been estimated with errors of less then 0.055]¢*|.
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Table 2.1: Summary of system properties and comparison with related works. Adapted with per-

mission from [1].

Ref. S;nsor Freq. Setup MUT Application | Meas. Error
ype Range| Size size & Detection | Tech-
(GHz) Capability nique
horn lens
[15] antennas 145-| 33445 | 316 cm? | € and tand FD + 0.35
(far-field) | 17.5 cm? of solids and +
(material 2°1in
characteriza- S11
tion)
quasi-TEM
[16] an};;;las 05- | NR NA ¢ and TD | linch
6 (signifi- thickness of thick-
(far-field) .
(tun- cantly solids ness
able bulky (ground resolu-
in anten- penetrating tion
UWB nas) radar, and
range) sub-surface
sensing)
leaky lens
[17] antennas 30 - 1200 30 cm ¢ and € of TD NR
(far-field) 100 cm? wide, solids
height (material
NR characteriza-
tion)
Horn
[18] antennas 26.5- | 900 cm? | 50x50x3| €, €, and TD error is
(far-field) 40 cm? thickness of reported
solids as
(material | & |l maz
chargcterlza- =€3'2%
tion)
Vivaldi
This Work || MMM 13 10| 624 | 5.1x5.1x2 dande’of | TD | 1.92%
(radiative 9 3 o ,
near-field) cm cm 11qu1d§ for ¢
(material and
characteriza- 3.84%
tion) for ¢’
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Table 2.2: Comparison of the proposed system with Keysight N1501A dielectric probe Kkit.

Adapted with permission from [5].

Spectroscopy systems Keysight N1501A dielectric probe kit This work
Frequency range 500MHz-50GHz! 3.28GHz-10GHz
RF energy meas. Network/impedance analyzer Oscilloscope
Meas. technique FD TD

RF energy gen. Network/impedance analyzer
Meas. procedure Immersing probe inside MUT
MUT type Liquid, semi-liquid, flat solid
MUT size At least 15.7uL?
Dynamic range €' <100, tand>0.05
Accuracy €':€/£0.05|¢*|, €”:€"+0.1|€*|

33250A func. gen. + RF pulse gen.
Dropping MUT inside container
Liquid?
0.3uL
¢ <80, tand>0.22*
€:€'£0.1|e*], €":¢"£0.1]€*|

! Limited to the Keysight analyzer and probe used.
2 Requires adjusting MUT size to measure solids.

3 Minimum ~=5mm insertion and r=1mm around tip; thus, the minimum volume of MUT around

tipis V = 7r?h=15.7mm3=15.7uL.
4 tand>0.02 based on simulations.
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3. CHIPLESS RFID *

3.1 Retransmission-Based Chipless RFID Tag
3.1.1 Introduction

A chipless radio frequency identification (RFID) tag has a particular RF response to an incident
electromagnetic wave. Chipless RFID is a low-cost and highly reliable solution for identification,
tracking and sensing applications [54].

In a retransmission-based chipless RFID tag, an incident electromagnetic wave is received by
an RX antenna, travels through an encoding structure, and then transmitted through a TX antenna
while RX and TX antennas are usually cross-polarized for higher isolation [55, 56, 57]. In [55],
a 35-bit chipless RFID tag with a microstrip multiresonator circuit is introduced where 35 spirals
next to the microstrip line generate 35 separate resonances from 3.3 GHz to 7 GHz. Authors
in [56] present an 8-bit chipless RFID tag with 8 open-stub resonators connected to a microstrip
transmission line operating from 2.08 GHz to 4.03 GHz. In [57], a first and a second order chipless
RFID tag are proposed by connecting quarter-wavelength open-stubs to a microstrip line based on
filter theory. Two examples of 5-bit tags operating from 2.5 GHz to 2.9 GHz are demonstrated in
[57]. All aforementioned tags are passive, planar, printable, (potentially) high capacity and they
use resonance frequency position as a single dimension of coding.

In this work, a high capacity 50.7-bit retransmission-based chipless RFID tag with miniaturized
resonators is presented. 32 resonators each consisting of an interdigital capacitor (IDC) in parallel
with a meander inductor build miniaturized LC resonators [58] placed next to a microstrip line.
Beside 32 resonance positions designed from 3.4 GHz to 10 GHz, Q of each resonator is also
coded in two separate states by adjusting the LC distance from the microstrip line. Therefore, each
frequency position has three states: (i) no resonance, (i) low Q, and (iii) high Q that generates 50.7

bits for the tag. To the best of author’s knowledge, this work has the highest overall number of bits

*©2020 IEEE. Reza Ebrahimi Ghiri and Kamran Entesari, "A 50.7-Bit Retransmission-Based Chipless RFID Tag
With Miniaturized Resonators," 2021 IEEE Topical Conference on Wireless Sensors and Sensor Networks (WiSNeT).
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and the largest area efficiency among all retransmission-based chipless RFID tags in literature.
3.1.2 Tag Design

The proposed miniaturized resonance unit for application in retransmissions-based chipless
RFID tags is shown in Fig. 3.1(a). This resonance unit consists of an IDC in parallel with a
meander line (Fig. 3.1(b)) printed next to a microstrip transmission line. The frequency response
of the resonance unit on RO4350B substrate with thickness = 0.338 mm, ¢, = 3.66, and tand =
0.0031, while d = 0.15 mm, Wy, = 0.76 mm, W =G =W, =G, =0.15 mm, L = 0.5 mm, and
D =3.15 mm, is shown in Fig. 3.1(c). The minimum line widths and spacings are designed to be
0.15 mm to avoid extra cost on fabrication. According to Fig. 3.1(c), the transmission response,
Ss1, shows a resonance at 3.4 GHz and a second resonance at 10.5 GHz. The first resonance is the
result of combination of capacitive and inductive properties of the LC circuit next to the microstrip
line. The second resonance is the result of self-resonance of the IDC. Therefore, the frequency
range from 3.4 GHz to 10.5 GHz can be used for designing multiple resonators while the resonator
with D = 3.15 mm and 9 IDC fingers generates the lowest resonance frequency. The length D and
the number of IDC fingers (N) are used as two parameters to adjust the position of resonance
frequency. Fig. 3.2 shows the effect of D and N/ in the resonance location.

In addition to the resonance position, the Q of the resonators can also be added to the coding
capability as the second dimension. The Q of resonance response varies by changing the distance
(d) of resonator from the microstrip top trace as shown in Fig. 3.3 ford =0.15, 0.3, and 0.45 mm for
two different resonance positions. Consequently, three states can be considered for each frequency
position: (i) low Q resonance, (ii) high Q resonance, and (iii) no resonance. As a result, each
resonance position can convey [og»3 = 1.585 bits.

A high capacity tag with 50.7 bits can be achieved by employing 32 resonators. Fig. 3.4 shows
the simulated frequency response of 32 resonators with ADS momentum. In the simulations, all
resonators operate either in high Q or in low Q modes. In the high Q mode, d = 0.15 mm and in the
low Q mode d = 0.12 mm. With such selection of d, the difference in S5, amplitudes of low Q and

high Q resonators is at least 2.5 dB at resonance frequency. In the first 11 resonators, N =9 while
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Figure 3.1: (a) The proposed resonance unit with an interdigital capacitor in parallel with a mean-
der line, (b) Lumped LC section layout and its equivalent circuit, d = 0.15 mm, Wy;,,. = 0.76 mm,
W=G=W,=G,=0.15mm, L =0.5 mm, and D = 3.15 mm (total size = 1.1 mmx 8.6 mm), (¢)
The simulated S;; and S of the resonance unit. Reprinted with permission from [8].
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Figure 3.2: Effect of (a) length D on the resonance location (N = 9) and (b) N on the resonance
location (D = 3 mm). Reprinted with permission from [8].

D varies in 11 different lengths and the rest of resonators use N =4 and varying D in 21 different

lengths. Table 3.1 shows the optimized values of D for all resonators. According to the simulation
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Figure 3.4: Simulated result of all high Q (d=1.5 mm) and all low Q (d = 0.3 mm) multiresonators.
Reprinted with permission from [8].

results in Fig. 3.4, the occupied bandwidth by all resonators is 6.1 GHz ranging from 3.4 GHz to
9.5 GHz.

3.1.3 Implementation Results and Discussions

The photograph of fabricated multiresonators and a sample retransmission-based tag are shown

in Fig. 3.5. In this figure, four multiresonators including a multiresonator without any resonator
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Table 3.1: D values in mm for LC resonators. Ny is 9 for resonators #1 to #11 and Ny is 4 for
resonators #12 to #32. Reprinted with permission from [8].

1 2 3 4 5 6 7 8
315 1272 1234|198 | 1.65| 135 | 1.1 |0.84
9 10 11 12 13 14 15 | 16
64 | 41 23 | 345 |3.25|3.05|285 267
17 18 19 20 | 21 22 23 |24
249 | 231|216 (201|188 | 1.75| 1.63 | 1.52
25 26 27 28 29 30 31 | 32
14 | 1.27 | 1.14 | 1.02 | 091 | 0.81 | 0.71 | 0.61
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Figure 3.5: Photograph of fabricated multiresonators and a sample tag. Reprinted with permission
from [8].

(only microstrip lines), an all high Q resonators, an all low Q resonators, and a mixed resonators
are shown. The transmission responses of the multiresonators are shown in Fig. 3.6. This figure
presents Sy; values of all high Q and all low Q multiresonators. Fig. 3.6 is divided to 32 frequency
bands where one low Q and one high Q resonance happens inside each band. The low Q and
high Q resonances can be clearly distinguished from the difference in So; amplitudes at resonance
frequencies. For example, the difference in S,; of low Q and high Q resonances in band 1 is 3.1
dB while this difference can reach to 9 dB in band 21. Instead of the So; valleys at resonance,
the Q of resonators inside each band can be compared to distinguish between low Q and high Q

resonances. The multiresonator response can be evaluated in terms of group delay as well. Fig.
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Figure 3.6: Measurement results of all high Q and all low Q multiresonators. Reprinted with
permission from [8].

3.7 compares group delay response of all low Q and all high Q tags. As can be seen, the group
delay of high Q resonances extends in a wider range compared to the low Q resonances for all 32
resonance positions. For example, for the first resonance, group delay extends from -0.243 ns to
1.33 ns for low Q resonator, while it extends from -1.6 ns to 1.55 ns for high Q resonator. The
minimum value of group delay at each resonance can also be used for comparison.

Fig. 3.8 shows the S,; and group delay responses of a multiresonator consisting of a mix of high
Q, low Q and no-resonator states. At any of the 32 frequency bands, the resonance is compared
with the resonance response in Fig. 3.6. As an example, inside band 31, there is a resonance with
the minimum value of -9.3 dB. When it is compared with the low Q valley (-5.7 dB) and high
Q valley (-8.5 dB) inside band 31 in Fig. 3.6, it is closer to high Q response. Therefore, it is
determined that there is a high Q resonance inside band 31. The same comparison is made inside
each band as shown in Fig. 3.8.

Two fabricated tags with 9 high Q and low Q resonators are read by two 3164-05 open boundary
quad-ridged horn antennas placed 30 cm far from the tag (Fig. 3.9) and connected to an N5227A
network analyzer. The normalized So; values of the tags are shown in Fig. 3.10. The normalized

So1 values are calculated as follows: (1) Complex So; response from the tag is subtracted from
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Figure 3.7: Group delay responses of multiresonators, (a) all low Q resonators, and (b) all high Q
resonators. Reprinted with permission from [8].

complex So; response from the tag with no resonances, (ii) the result from previous calculation
is converted to time-domain through inverse fast Fourier transform (IFFT), (iii) the time-domain
signal is windowed to removed the multiple reflections that occure in the reader excitation and
inside the tag itself, (iv) the results from previous section is converted to frequency domain through
FFT. As can be seen, the high Q and low Q responses are observed at all frequencies shown in Fig.
3.10.

Table 3.2 compares this work with some of the state-of-the-art retransmission-based tags in the
literature. As can be seen, this tag outperforms other tags in terms of the total number of bits and
the area efficiency. If the first 21 resonances from 3.4 GHz to 7 GHz are considered in computing

the spectrum efficiency, the value of spectrum efficiency is 9.24 bit/GHz which is a higher value

98



$21(dB)

Frequency (GHz)
(@)

2 =
>

gor
©

oL

3

Frequency (GHz)
(@)

Figure 3.8: Frequency response of a mixed multiresonator, (a) S21 (dB), and (b) group delay.
Reprinted with permission from [8].

compared with [55].

3.1.4 Conclusion

A retransmission-based chipless RFID tag operating from 3.4 to 10 GHz has been implemented
in this work. The tag employs the resonance frequency position and the Q of the resonance as two

dimensions. With 32 resonators, the tag achieves overall capacity of 50.7 bits.
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Table 3.2: Table of Comparison. Reprinted with permission from [8].

frequency tag area | multiresonator
total
bits range (GHz) | (cmxcm) | area (cmXxcm)
[bit /GHz] | [bit /cm?] [bit /cm?]
3-7 6.5x8.8 4.1x6.3
551135 1 18751 [0.61] [56]
3] 3 1.9-4.5 6.6x8.6 2.5%3.0
[3.1] [0.14] [0.67]
2-3 6.0x7.0 3.5x3.5
1571 > [5] [0.12] [0.41]
this 50.7 3.4-10 5.3x8.6 3.2x6.5
work ' [7.68] [1.11] [2.43]

3.2 Time-domain Chipless RFID Readers
3.2.1 Introduction

Chipless RFID is a smart, robust, and low cost solution for identification and sensing. Chipless
RFID tags are passive and printable electromagnetic structures that are considered as substitutes for
traditional barcodes and as alternatives to chipped RFID tags. The chipless (/chipped) RFID shows
its usefulness in a wide range of applications including item tracking, transportation, supply chain
management, asset management, security and access control, and point-of-sales systems [59]. The
development of miniaturized and high-capacity chipless RFID tags has attracted immense attention
in the past decade [60, 61]. In addition to the tag, every chipless RFID system requires a microwave
UWSB reader to interrogate the tag by a UWB transmitter and then acquires the reflected response
form the tag by a UWB receiver. Unlike the chipless RFID tags, there is limited research about
UWRB chipless RFID readers [62, 63, 64]. The focus of this section is comparison of time-domain
UWB chipless RFID readers and proposing the dual-comb reader as a novel technique for Chiples
RFID application.

In time-domain UWB chipless RFIDs systems, a transmitter emits a short duration pulse to
excite a UWB chipless RFID tag, and a receiver acquires the reflected response from the tag at

once. In this technique, all frequency signature of the tag is captured simultaneously, without the
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need to sweep the excitation frequency. Therefore, time-domain technique is fast and simultaneous
in nature. Transmission and reception of a short-duration pulse with the duration of hundreds of
pico-seconds is the basis of impulse-radio (IR) UWB technique in time-domain [65].

For the chipless RFID tags that mostly have multiple resonances tightly located in the frequency
spectrum, the frequency response of the tag with high resolution is of interest. As a result, time-
to-frequency domain conversion is necessary to extract the frequency signature of the chipless
RFID tags. Because of the short duration of the IR-UWB pulse, the frequency spectrum resulted
through Fourier transformation will show a poor resolution such that the detection of resonance
positions is impossible. To have a frequency resolution of MHz range by pure FFT, the length
of time-domain signal must be in the order of us range. Therefore, the response of the tag is
needed to be observed in a ps duration. This makes the average power of the IR-UWB pulse
extremely small especially in the receiver side in an open environment. Repeating multiple pulses
within the ps range will increase the power level of the IR-UWB signal. In addition, averaging
the received data is essential to improve the signal-to-noise ratio in the receiver. In practice, IR-
UWB-based measurement can take the same amount of time compared to its frequency-domain
counter-parts. The broadband chirped pulse Fourier transform microwave (CPFT-MW) [66, 67, 68]
is a time-domain techniques that improves the speed that the total spectrum is collected. The
CPFT-MW technique, enables collection of UWB microwave frequency with high resolution. In
CPFT-MW technique, the broadband pulse is stretched in time to deliver sufficient power at each
frequency. With a chirped pulse with the duration of us order, the UWB microwave response of a
chipless RFID tag can be acquired with high resolution, sufficient signal-to-noise ratio, and more
quickly than with the IR-UWB method. For both IR-UWB and CPFT-MW techniques, there are
numerous customized and low-cost UWB pulse generators [69, 70] in the transmitter. However,
the acquisition of UWB pulses in the receiver is challenging due to the requirement for an ultra-
high bandwidth and sampling rate analong-to-digital converter. The equivalent time sampling [71]
and the filter bank [72] approach are two techniques that reduce the complexity of UWB receivers.

In equivalent time sampling method, a broadband sample and hold unit collects all samples of a
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periodic UWB input with a low sampling rate but in multiple periods. In filter bank approach, the
input UWB signal is divided into multiple sub-bands with small bandwidths by band-pass filters
(BPF) and thus each sub-band requires lower sampling rate to be successfully captured compared
with the original UWB input. The time equivalent sampling and filter bank techniques have their
own complexities in terms of jitter control and precise high-order filter requirements, respectively.

The dual-comb technique [43, 42, 48] is a time-domain technique that can significantly reduce
the complexity of UWB Chipless RFID receivers. In this technique, the signal input to the receiver
is at low frequency while it contains the UWB characteristics of the tag. The principal of dual-
comb technique is based on multi-heterodyne detection of spectrum where two broadband periodic
pulses with slightly different repetition rates are mixed to map the high frequency information of
one of the periodic signals into low frequency baseband. Dual-comb properly fits into chipless
RFID systems by offering high spectrum resolution and low complexity receiver. One of the
periodic pulses, called frequency comb, interrogates the tag and the reflected comb that holds
the signature of the tag is mixed with a second reference comb at receiver. The result includes a
third comb mapped into the baseband frequency and also contains all signature of the UWB tag.
As aresult, the UWB information of the tag inside the third comb, can be captured by a low-speed
oscilloscope with a low complexity. To the best of the author’s knowledge, it is the first time that
dual-comb technique is used for UWB chipless RFID reader.

For the demonstration of IR-UWB, CPFT-MW, and dual-comb technique as various time-
domain chipless RFID systems, a 32 bit frequency coded chipless RFID tag is measured. The
tag is retransmission-based and includes a transmission line with 32 miniaturized LC resonators
located next to the line. Each LC resonator generates a resonance in the transmission response of
the line. The tag operates in 3.5-9 GHz and the minimum distance of the resonances is 100 MHz at
lower frequencies. This high-capacity chipless RFID tag is used to compare the time-domain sys-
tems in terms of detecting the frequency position of the resonances which appear in the amplitude

response of the tag in frequency-domain.
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3.2.2 System Design

Three time-domain UWB Chipless RFID systems based IR-UWB, CPFT-MW, and dual-comb
time-domain techniques are explained in this section. The aim of these systems is capturing the tag
signature with a frequency resolution of at least 10 MHz after converting the time-domain UWB
signal to its equivalent frequency-domain signal through fast-Fourier transform (FFT) operation.
With this frequency resolution, different resonances with the spacing in the order of 100 MHz in

the tag can be easily captured.
3.2.2.1 Impulse-Radio UWB Technique

The block diagram of IR-UWB chipless RFID sysem is shown in Fig. 3.11. This system
consists of an IR-UWB pulse generator, a UWB TX antenna, the tag, a UWB RX antenna, and
a high-speed oscilloscope receiver. A single IR-UWB pulse has a short duration in a fraction of
nanoseconds in time-domain thus has a low level power spectrum. In order to increase the signal-
to-noise ratio for this system, repeating and averaging the received signal are necessary. Therefore,
the IR-UWB signal is repeatedly sent to make the averaging possible. Fig. 3.12 shows an IR-UWB
pulse with 1 V,,, amplitude with PRF = 10 MHz. The pulse used is a first-order Rayleigh pulse as

given below:

f)=—"5—e a (3.1)

where a is a pulse parameter equal to 45x10~2 ns and ¢ is time in nano-seconds. According to
Fig. 3.12 (b), the power spectrum of the periodic IR-UWB signal has maximum of -52 dBm/MHz
at frequency of 5 GHz while the power spectrum value for a single IR-UWB pulse is always less
than -72 dBm/MHz.

The response of the multi-resonator to the IR-UWB excitation is shown in Fig. 3.13. Fig.
3.13 (a) shows the time-domain response in 1ps. As can be seen from the inset, the multi-resonator
response includes a tail of ripples that holds the resonance information. The PRF of the IR-UWB

pulse has been selected such that the ripples are diminished before the start of the next period. Fig.
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Figure 3.11: Block diagram of IR-UWB Chipless RFID system.
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Figure 3.12: Periodic IR-UWB signal in (a) time-domain and (b) frequency-domain with a period
of 0.1us

3.13 (b) shows the multi-resonator response in frequency-domain. As shown, the transmission

response of the multi-resonator is reflected in the spectrum in Fig. 3.13 (b).
3.2.2.2 Chirped Pulse Fourier Transform Microwave technique

The block diagram of chirped pulse Fourier transform microwave (CPFT-MW) chipless RFID
system is shown in Fig. 3.14. This system consists of a chirped pulse generator, a UWB TX
antenna, the tag, a UWB RX antenna, and a high-speed oscilloscope receiver. The duration of

the chirp signal is 1 ps and it results in the frequency resolution of 1 MHz through FFT. Equation
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Figure 3.13: (a) Simulation results of response of multi-resonator in time-domain in 10 xs and (b)
response of multi-resonator to the periodic UWB pulse excitation in frequency-domain.
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Figure 3.14: Block diagram of CPFT-MW UWB Chipless RFID system.

below used in generating the chirp signal:

f(t) = Acos(%ﬂ + fit), (3.2)

where f; and f; are initial and target frequencies equal to 3 GHz and 10 GHz, respectively, T is
the sweep time equal to 1 us, and A is an amplitude constant. Fig. 3.15 shows the chirp signal and
the multi-resonator response to that. Because the linear chirp signal has amplitude levels all over
the duration of the signal, the power spectrum of one period of this signal can be reached to the

same level of IR-UWB with sigmal amplitude of 0.06 V as shown in Fig. 3.15 (a) and (c). One

106



yo Itage (V)

0 02 04 06 08 1 s 02 04 06 08 1
Time(ps) . Time(ps)
(a) (b)
-40 54
= 60 56
N
I I
g -80 g -58
£ £
8-100] Qg -60
2-120 g6
g & -64
-140)
; -66
3 4 4 9

5 6 7 8 5 6 7 8
Frequency(GHz) Frequency(GHz)
(c) (d)

Figure 3.15: Simulation results of (a) input chirped pulse in time-domain, (b) chirped pulse re-
sponse of the multi-resonator in time-domain, (c) input chirped pulse in frequency-domain, and
(d) chirped pulse response of the multi-resonator in frequency-domain.

important practical advantage of chirped pulse with linear sweep is that its frequency bandwidth
can be increased by an RF frequency multiplier without changing the pulse duration [66].

The multi-resonator responses to the chirp excitation are shown in Fig.s 3.15 (b) and (d) in time
and frequency domains, respectively. As seen, the transmission response of the multi-resonator in
Fig. 3.13 (c) is reflected in the power spectrum of the output in Fig. 3.15 (d). In conclusion, the
averaging of the received signal by oscilloscope will take much shorter to achieve an acceptable

SNR values in CPFT-MW compared to the IR-UWB approach.
3.2.2.3 Dual-Comb Technique

The block diagram of dual-comb UWB chipless RFID sysem is shown in Fig. 3.16. This sys-
tem consists of two comb generators with slightly different repetition rates, a UWB TX antenna, the
tag, a UWB RX antenna, a mixer, a low-pass filter (LPF), and a high-speed oscilloscope receiver.

The two comb generators output UWB C'omb; and Comb, with slightly different pulse repetition
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Figure 3.16: Block diagram of dual-comb UWB Chipless RFID system.

rates called PRF and PRF5, respectively. C'omb; interrogates the tag, and the response of the
tag, which contains the frequency signature of the tag, is amplified and then mixed with C'ombs,.
The frequency mixing of two UWB frequency combs with slightly different repetition rates, maps
the entire UWB signature of the Chipless RFID into the baseband (BB) frequency. The mixer out-
put contains a third comb, C'ombs, expanded in time-domain and condensed in frequency-domain,
and holds the UWB information from the tag. The mixer output is passed though the LPF to keep
Combs and to cancel out any term that can exist at higher frequencies and cause anti-aliasing.
Then, C'ombs is sampled by the low-speed oscilloscope. Dual-comb technique eliminates the need
for low-speed oscilloscope and it significantly reduces the receiver complexity.

One-to-one mapping of the UWB properties of the tag into C'ombs requires that PRF; and

P RF, meet the following criteria [42]:

PRF,?
(|[PRF, — PRF|)’

BWywp < 5 (3.3)
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where BW g is the microwave UWB bandwidth (7 GHz) that Comb;, C'omb,, and the tag
response are extended in that range. Therefore, PRF| and PRF; are selected to be 10 MHz and
10.002 MHz, respectively. The 2 kHz difference between PRF; and P RF’, will be the repetition

rate of C'ombs [7] as given below:

PRFs = PRF, — PRF}. (3.4)

While C'omb, and Comb, are in the frequency range of 3 GHz - 10 GHz, Comb; is extended
in the range of 0.6 MHz - 2 MHz. The ratio of PR} and PRF3 is called compression factor , m,

as defined below:

_ PRF,
"= PRE,

(3.5)

In such frequency plan, the compression factor is 5000. As an example, if a resonance in the
tag response occurs at 8§ GHz, this resonance will show itself at 8 GHz/5000 = 1.6 MHz in C'ombs
waveform. The comb lines of C'ombs are spaced 2 kHz far apart and C'ombs must have acceptable
resolution to resolve the comb lines. To achieve a frequency resolution of 0.2 kHz with FFT,
the duration of C'omb3 must be 5 ms. The higher duration in time-domain will give the higher
resolution in frequency domain.

The output of the proposed system results from the interaction of multiple sources operating at
different frequencies and this method of measurement depends on averaging the output signal to in-
crease the signal-to-noise ratio (SNR). In this regard, it is necessary to freeze the output waveform
on oscilloscope through synchronizing all clock sources involved in the system.

Fig. 3.17 shows simulated Comb; and C'omb, in time and frequency domains. For better
visibility, only a small span of the signals are shown. Fig. 3.17 (a) shows 5 ns duration of Comb,
and C'omb, in time domain. Since C'ombs has slightly higher PREF, it appears first in the figure
before C'omb; occurs. The simulated time-domain combs in the time duration of 0.5 ms, results

in the equivalent spectrum shown in Fig. 3.17 (b) where only a small span of the spectrum is
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Figure 3.17: Simulated C'omb; and C'omb, in (a) time and (b) frequency domains.
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Figure 3.18: Simulated dual-comb output ,C'ombs, in (a) time and (b) frequency domains.

shown. Again, because C'omb, has slightly higher PRF, each tooth of C'omby appears at higher
frequency than C'omb,. This difference is increased by 2 kHz with every comb tooth. Although
the dual-comb system does not require the direct acquisition of C'omb; and Combs in 3- 10 GHz
range shown in Fig. 3.17, they have been simulated in the system to present step-by-step operation
of the system. While the simulation is for the span of 0.5 ms of the inputs, with a larger simulation
span the two combs could be spectrally resolved better even below -120 dBm/2kHz with the cost
of higher computation. In conclusion, if the simulation time is longer, the cross talk between the
combs is smaller.

Fig. 3.18 shows the output of dual-comb system in time and frequency domains. The time

domain output signal, shown in the span of 0.5 ms, and it will give a frequency resolution of 2 kHz
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after FFT. The frequency resolution of 2 kHz in BB is translated to the resolution of m*2 kHz =
10 MHz in UWB. The equivalent frequency domain output is shown in Fig. 3.18 (b). As can be
seen, the tag resonances from 3 GHz to 10 GHz are appeared in the amplitude information of the
output spectrum and in they are in the range of 0.6 MHz to 2 MHz. The reduction in the complexity
of the receive is significant, because the output in the range of 0.6 MHz to 2 MHz can be easily

captured with a low speed oscilloscope or ADC card with the sampling rates of a few ten MHz.
3.2.3 Implementation and Measurement Results
3.2.3.1 Multiresonator measurement results

The 32-bit multiresonator is fabricated on RO4350B substrate with thickness = 0.338 mm,
€, = 3.66, and tand = 0.0031 as shown in Fig. 3.19 (a). The total size of multiresonator is
3.2 cmx 6.5 cm and the measured response of multiresonator by network analyzer is shown in
Fig. 3.19 (b). The numbers of 32 separate resonances are labeled in the figure. Although the
resonators with close resonance frequencies are printed far from each other, it can be seen that
the quality factors of the resonators are not entirely uniform. This response could be improved by
realigning the resonators or increasing the spacing between them. Because the focus of this work
is to evaluate different time-domain readers, the current multiresonator and its tag are considered
as the reference in the next measurements.

Fig. 3.20 shows the setup of IR-UWB system for measuring transmission response of the
multiresonator. This system includes a Keysight M8195A 65 GSa/s arbitrary waveform generator
(AWG), the 32-bit multiresonator, and a DSA91304A 40 GSa/s infiniium oscilloscope.

The M8185A AWG generates a narrow pulse with the duration of approximately 0.5 ns and a
10-dB bandwidth of 7 GHz extended from 3 to 10 GHz (Fig. 3.21 (a) and (c)). The repetition
rate of this pulse is 10 MHz. The response of multiresonator to this pulse in time and frequency
domains are shown in Figs 3.21 (b) and (c), respectively. The time-domain response has a tail
of about 10 ns that contains the multiresonant information. The frequency domain that has been

calculated by taking FFT of the time-domain response shows 32 resonances from 3 to 10 GHz.
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Figure 3.19: (a) Photograph of fabricated 32-bit multiresonator and (b) measured So; of multires-

onator.

Figure 3.20: Photograph of measurement setup.

The multiresonator response normalized to the input response is shown in Fig. 3.21 (c).

For testing CP-FTMW technique, the AWG generates an up-chirp signal with the duration of
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Figure 3.21: (a) Input and (b) output voltages of multiresonator in IR-UWB system. (c) Input and
output of multiresonator with IR-UWB system in frequency domain
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Figure 3.22: (a) Input and (b) output of multiresonator with CP-FTMW system in time domain.
(c) Input and output of multiresonator with CP-FTMW system in frequency domain.

1 ps and period of 2 us as shown in Fig. 3.22(a). The time-domain response of the multiresonator
is shown in Fig. 3.22(b). It can be seen that in the time-domain response, 32 resonances are
generated. By taking the FFT of input and output voltages, the frequency domain response is shown
in Fig. 3.22(c). The frequency response of the multiresonator has 32 resonances as expected.

The setup in Fig. 3.20 is modified to measure the multiresonator response with dual-comb
technique as following. Because the repetition rates of C'omb; and C'omb, are too close, it is
not possible to independently generate the two combs from one M8195A AWG due to memory
limitation. Therefore, C'omb; is generated by an 8719ES 13.5 GHz VNA and C'omb, is generated
by the AWG. While the AWG generates C'omby with time-domain technique, the VNA generates

Comb; with frequency-domain technique through frequency sweeping. In other words, all teeth of
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Figure 3.23: Output of multiresonator with dual-comb system in (a) and (b) time domain (zoomed-
in) and (c¢) frequency domain.

Comb, simultaneously generated but the teeth of C'omb; are sequentially generated. As the result,
the output of dual-comb system is gradually generated. When the output is gradually generated
with the sweeping speed of the VNA, special consideration is needed for averaging the output.
The oscilloscope should be able to capture and average all tones generated by the VNA. For that
purpose, the sweeping speed of VNA is reduced to 5 sec to allow oscilloscope captures the entire
VNA output. C'omb; is generated from port 1 of the VNA while port 1 is set to measure S;; with
the start time of 1 GHz, stop time of 11 GHz, number of points 401, and sweep time of 5 seconds.
This setting results in the PRF of 25 MHz for Comb;. It is worthwhile mentioning that when the
oscilloscope averages VNA output with the abovementioned setting, with the accumulation of all
VNA tones by the oscilloscope, the signal on the screen of oscilloscope looks like a short-duration
time-domain pulse.

For mixing of the two combs, an HMC787ALCB mixer is used and an 80-MHz VLF-80+
LPF used as low pass filter. The PRF of C'omb, is 25 MHz and the PRF of C'omb, is selected

to 25.02 MHz. With such setting, the compression factor is m = (25 MHz)/(20 kHz) = 1250. It
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means that 3 GHz is mapped to 2.4 MHz and 10 GHz is mapped to 8 MHz. From Fig. 3.23 (b),
all resonance frequencies can be seen, however, it should be noted that the result is not exactly the
same as the other techniques. First, the signal level is smaller and therefore needs a longer time of
averaging (about 50 times larger number of averaging). Second, the spectrum shape in dual-comb
technique is the result of mixing LO and RF combs, and the amplitude of IF signal is the result of
multiplication of corresponding teeth of RF and LO amplitudes.

Fig. 3.23 shows the output of dual-comb system in time and frequency domains. Fig. 3.23 (a)
is one period of dual-comb system output in time-domain which is equal to 50 us (= 1/20 kHz).
The zoomed-in version of the output dual-comb output in duration of 1 us is presented in Fig.
3.23 (b). It is seen that in the time-domain signal, C'omb; is sampled by C'omb, with the period
of 40 ns (= 1/25 MHz). Fig. 3.23 (c) shows the FFT of system output where the 32 resonances
are labeled. With a low frequency amplifier after filtering, the output spectrum density can be
increased. The dual-comb output is captured with the sampling rate of 200 MHz. Number of

averaging on oscilloscope is 4096.
3.2.3.2 Comparison among different techniques

The IR-UWB, CP-FTMW, and dual-comb techniques were demonstrated. With the same am-
plitude levels, the IR-UWB signal has small power density compared to CP-FTMW as shown in
Fig. 3.21 (¢) and Fig. 3.22 (c). With IR-UWB systems, because of the short duration of pulse in
time domain (about 0.5 ns), it is possible to measure and quantify coupling effect, multiple reflec-
tion, and multipath in various systems, but CP-FTMW does not provide this flexibility. However,
the CP-FTMW system could provide time and frequency signatures of the multiresonator even
without the need for taking FFT (Fig. 3.22 (b)). Dual comb technique offers extensive reduction in
receiver complexity. While IR-UWB and CP-FTMW systems need the sampling rates of at least
20 GSals, the dual-comb technique needs sampling rate of 160 MSa/s twice the cutoff frequency
of LPF and it could be reduced to 16 MSa/s with an LPF of 8 MHz cutoff frequency. The accuracy
is measured with the amount of SNR in receiver. Because CP-FTMW provides the higher power

spectrum density, for the same amount of averaging time, CP-FTMW offers better accuracy com-
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pared with IR-UWB technique. Dual-comb system needs averaging because of two reasons: one
is the sweeping nature of VNA output and the other, the same as IR-UWB, is the short duration of
pulse in a complete period. For this reason, the dual-comb system demonstrated in this paper needs
longer averaging time compared to CP-FTMW and IR-UWB to reach high accuracy. The number
of 128 averaging for IR-UWB and CP-FTMW systems is about 10 seconds while the number of
4096 averaging for dual-comb system is about three minutes.

One period of IR-UWB, CP-FTMW, and dual-comb signals are of 0.1 us, 2 us, and 50 us,
respectively. Therefore, the frequency resolutions of IR-UWB, CP-FTMW, and dual-comb signals
are 10 MHz, 2 MHz, and 25 MHz, respectively. In order to measure a higher capacity tag with
more tight resonance frequencies, the dual-comb system requires a smaller repetition rate than

25 MHz.

Table 3.3: Table of comparison between time-domain readers for Chipless RFID systems.

Time-domain Frequency | Receiver

. Speed ) i
technique resolution | complexity
IR-UWB Moderate Low High
CP-FTMW High High High
Dual comb Low Moderate* Low

* Adjustable by the repetition rate of the frequency combs

Table 3.3 compares various time-domain readers for Chipless RFID applications. CP-FTMW
technique outperforms other time-domain readers in terms of speed, signal-to-noise ratio and fre-
quency resolution. On the other hand, dual-comb technique is superior if system simplicity is

concerned.
3.2.3.3 Chipless RFID tag measurement results

Fig. 3.24 shows photograph of IR-UWB system for tag measurements. In this system, two

3164-05 open boundary quad-ridged horn antennas are used as the reader antennas. The IR-UWB
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Figure 3.24: Setup of tag measurement with IR-UWB technique.

system of measurement has been selected in order to separately show coupling between reader
antennas. The input voltage of the system generated by the AWG has 0.8 V,,, amplitude in time
domain as shown in Fig. 3.25. The environment response which includes the signal coupled
from the transmitter reader antenna to the receiver reader antenna is shown in Fig. 3.25 with the
peak-to-peak voltage of less than 2 mV appears at 6 ns. This coupled response is present in all
tag measured results with various reading distances (20, 30, and 40 cm). As can be seen from
Fig. 3.25, measured with 1024 number of averaging, the response due to the tag at distance of
20 cm is seen about 1.5 ns after the coupling response. Therefore, the coupling response can be
either windowed or subtracted from the total tag response. The 1024 number of averaging is to
overcome the path loss from transmitter to the receiver antenna. At distance of 30 cm, the same
coupled response is present, and the actual tag response is seen with a larger delay and a lower
amplitude compared to the case of 20 cm distance. This delay is further increased and amplitude is
decreased at 40 cm distance. After subtracting the coupled response from complete tag response at

the distance of 40 cm and then taking FFT, the response of chipless RFID tag in frequency-domain
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Figure 3.25: Measured input IR-UWB voltage, coupled voltage from reader antennas, and tag
response from 20, 30, and 40 cm distances.
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Figure 3.26: Response of chipless RFID tag at distance of 40 cm.

is calculated to be as shown in Fig. 3.26. As can be seen from this figure, the chipless RFID tag in

frequency-domain has 32 resonances labeled in Fig. 3.26.
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3.2.4 Conclusion

Three time-domain readers and a 32-bit tag for ultra-wideband (UWB) chipless RFID applica-
tions have been designed and implemented in this paper. The readers include IR-UWB, CP-FTMW,
and dual-comb. In IR-UWB, the coupling effect between TX and RX antennas can be separated
from the tag response from time-domain results. CP-FTMW is high-resolution, high SNR, and
fast technique by sending a chirp extended through a long time compared with the IR-UWB short
pulse. Unlike IR-UWB and CP-FTMW methods, the dual-comb technique requires a simple re-

ceiver with low sampling rate to extract UWB information from the UWB multiresonator/tag.
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4. SUMMARY AND CONCLUSIONS

Time-domain dielectric spectroscopy can be considered as an alternative to frequency-domain
dielectric spectroscopy. In this proposal, several time-domain UWB dielectric spectroscopy sys-
tems have been implemented to prove the strength of this technique. These systems included a
contactless spectroscopy system by using Vivaldi antennas and a contact-based system with planar
periodic sensing structures. In addition, a dual-comb spectroscopy system that greatly reduces the
system complexity is implemented as an accurate, fast, and low-cost time-domain spectroscopy
system with the possibility of being self-sustained and independent of laboratory facility.

Time-domain technique is a viable solution for UWB Chipless RFID readers. The success-
ful demonstrations of time-domain readers based IR-UWB, Chirped pulse Fourier transform Mi-

crowave, and dual-comb techniques have been presented in this thesis.
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APPENDIX A

FREQUENCY SELECTIVE SURFACES FOR SENSING *

A.1 Introduction

Frequency selective surfaces (FSSs) are usually constructed from periodic arrays of metallic
geometries to manipulate the transmission and reflection properties of incident electromagnetic
waves. In essence, FSSs have found widespread applications as spatial filters, reflectors and ab-
sorbers, and more recently as sensors [73], [74].

In this work, a spatial sensing architecture with miniaturized sub-wavelength elements is uti-
lized. The proposed highly selective sensing structure is achieved by exploiting miniaturized-
element frequency selective surfaces (MEFSS) including periodic arrays of lumped capacitive and
inductive elements [75], [76]. Miniaturized lumped capacitive and inductive elements can be real-
ized by printing various combinations of metallic patch and wire elements on very thin substrate,
respectively. The detailed study in [76] shows that the parallel arrangement of loop and wire el-
ements, outperforms the combination of patch and wire elements, patch and complementary loop
elements, and loop and complementary loop elements in terms of narrow transmission bandwidth
and selectivity for sensing. In [76], only the gap between capacitive loop elements is exposed to
the material under test (MUT), while the effect of different MUTSs on the inductive wire mesh re-
sponse is considered negligible. In addition, the loop and wire elements are printed on two sides
of a single substrate. The work presented in this paper, suggests printing loop and wire elements
on one side of separate substrates and placing the liquid MUT inside a container between the el-
ements. While the MUT is not in direct contact with the metallic elements, it effects the fringing
field surrounding each element. This platform is designed and optimized, and the capability of the

structure for sensing is demonstrated by showing the transmission characteristics through software

*©2019 IEEE. Part of this chapter is reprinted with permission from R. E. Ghiri and K. Entesari, "A Frequency
Selective Surface With Miniaturized Elements for Chemical Sensing," 2019 IEEE Texas Symposium on Wireless and
Microwave Circuits and Systems (WMCS), Waco, TX, USA, 2019, pp. 1-3, doi: 10.1109/WMCaS.2019.8732542.
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Figure A.1: (a) Unit cell of MEFSS with loop and wire elements, D,=3.27mm, D,=3.39mm,
a=b=1.65mm, w=0.1mm, g=0.2mm, (b) Equivalent circuit model of the sensing platform for an
incident TEM wave. Reprinted with permission from [9].

simulation.
A.2 Miniaturized-Element FSS Design for Sensing

In order to achieve a miniaturized and selective structure for sensing, the combination of wire
grids and loop elements is employed. The unit cell of the MEFSS is shown in Fig. A.1(a) including
the design parameters. For the purpose of sensing, the MUT is sandwiched between the wire
elements and the loop elements periodically printed on separate thin substrates. The loop element
has a capacitive property C'in series with an inductor L, the wire element has an inductive property
L, and the intrinsic characteristics of the MUT are modulated by the transmission line area, labeled
as Zyur, as shown in the equivalent circuit model in Fig. A.1 (b). Z; denotes the characteristic
impedance of the substrate.

The lumped capacitive and lumped inductive properties of MEFSS coupled to the incident elec-

tric and magnetic waves, respectively, offer a miniaturized resonance sensing structure where the
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Figure A.2: (a) Periodic loop elements and (b) periodic wire elements printed on 0.338mm
RO4350B substrate. Reprinted with permission from [9].

maximum dimension of each unit cell is ~0.15)\ at 10GHz. In order to show its sensing capability,
the structure is simulated inside a standard X band WR90 waveguide with a finite periodic array of
wire elements and loop elements on 0.338mm RO3450 substrate to cover the waveguide aperture
area, 10.16mmx22.86mm. With this area, each unit cell will be repeated 7x3 times as shown in
Fig. A.2. The simulation platform is shown in Fig. A.3. The substrates are aligned and attached
to the opposite walls of a plastic container with the dielectric constant of 2.8 and the thickness of
4mm. A rectangular hollow area of 2mm width is created inside the container to carry the MUT.
While the MEFSS elements are placed at the aperture of the waveguides, the MUT is outside of
the waveguide and can be filled and emptied by different MUTs. The parameters of the wire grid
and loop elements are obtained through optimization by HFSS finite element method (FEM), with
the goal of successful detection of air, ethanol, and methanol in X band. The permittivity of air is

considered to be 1 in simulations, while the complex permittivity of ethanol and methanol follow
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Figure A.3: Simulation setup of the MEFSS sensor. Reprinted with permission from [9].

Debye-I" model and single-Debye model, respectively, as shown below [23]

19.925
cthanol = 4- —jf x0. Al
€ethanol 505 + 1 +]f/(0964 % 109) jf x 0 0567 ( )

27.097

_ 5.563 .
/(3141 x 109)

(A.2)

*
€methanol

A.3 MEFSS Sensor Full-Wave Results

Fig. A.4 shows the numerical simulation results of MEFSS sensing platform.

According to Fig. A.4, the resonance frequency and the resonance magnitude of Sy changes
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Figure A.4: Transmission results of the MEFSS sensor for three MUTs: air, ethanol, and methanol.
Reprinted with permission from [9].

with different MUTs; therefore, this architecture can be used for sensing. The results are tabulated
in Table A.1 for different MUTs. According to Table A.1, the resonance frequency shifts by
900MHz when the MUT changes from air to methanol. The resonance magnitude also changes by
-1.76dB in that case. For the case of ethanol compared to air, the shifts in the resonance frequency
and the resonance magnitude are 300MHz and -0.09dB, respectively. The smaller shift in the latter
case is attributed to the smaller differences between both the ¢’ and ¢” of ethanol and air compared

to the case of methanol-air.

Table A.1: Results of MUTs air, ethanol, and methanol at resonance. Reprinted with permission
from [9].

MUT Frequency (GHz) | Max(Ss;) dB
air 9 -28.06
ethanol 8.4 -28.15
methanol 8.1 -29.82
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Figure A.5: (a) The MEFSS sensor transmission results for butanol and propanol, (b) ¢ and €’ of
butanol and propanol. Reprinted with permission from [9].

In order to study the sensitivity of the MEFSS sensor, butanol and propanol, that have small
differences in both their ¢’ and their €¢”, are simulated and the Ss; results are shown in Fig. A.5
and tabulated in Table A.2. As can be seen in Fig. A.5, the difference between €' of butanol and
propanol is in the range of 0.35-0.4 and it is in the range of 0.43-0.55 for their €. The difference
in the resonance frequency of butanol and propanol is 80MHz and the difference in resonance
magnitude is 0.11dB.

An interesting study could be to determine whether such small differences in € or ¢’ of MUTSs
would give similar shifts in the resonance frequency and magnitude for large values of ¢ and €”.
According to Table A.1, it is expected to achieve the same order of sensitivity for large ¢’ and ¢”
values. It is because the resonance frequency shifts between air and ethanol (S00MHz), and also
between ethanol and methanol (400MHz) are almost in the same order. A similar statement can be
made about resonance magnitude.

The dynamic range of the setup is evaluated by testing methanol-water mixtures [77] with
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Table A.2: Results of butanol and propanol at resonance. Reprinted with permission from [9].

MUT Frequency (GHz) | Max(S2;) dB
butanol 8.58 -27.33
propanol 8.5 -27.44
k=0.1 K=0.2 e o k=0.3 ¢ececens
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Figure A.6: (a) The MEFSS sensor transmission results for methanol-water mixtures with mixing
ratios k=0.1, 0.2, 0.3, 0.4, 0.5, (b) ¢’ and ¢” of the mixtures. Reprinted with permission from [9].

mixing ratios of 0.1, 0.2, 0.3, 0.4, 0.5, defined as & = % where V' is referred to the liquid
volume. Here, the Maxwell Garnett formula [78] is used to generate the complex permittivity of
methanol-water mixtures and Fig. A.6 shows the simulation results. From this figure, the case
k=0.5 does not show a peak resonance; hence, methanol-water mixture with £=0.5 (¢=26.5-21.2

and ¢”=18.1-16.1 in the 7-10GHz range) has the maximum possible ¢ or ¢” that can be measured

by the structure.
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A.4 Conclusion

A sensing structure based on miniaturized-element frequency selective surfaces has been de-
signed. The elements are periodic arrays of metallic wires and loops printed on separate thin sub-
strates to exhibit inductive and capacitive behaviors, respectively. The transmission responses of
the structure are affected by changing an MUT located between the two arrays. It has been shown
that the structure is sensitive to little changes in ¢’ and ¢” as small as 0.4 and 0.55, respectively.
Furthermore, The maximum dynamic range is 21.2 and 16.1 at 7-10GHz for ¢ and €”, respectively.

Therefore, the propsed structure provides an accurate method for sensing chemicals in X band.
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